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A b s t r a c t :  T he G E R m anium  D etec to r A rray  ( G e r d a )  experim ent a t th e  G ran  Sasso 
u nderground  lab o ra to ry  (LN GS) of IN F N  is searching for neutrinoless doub le-be ta  (O v --)  
decay of 76Ge. T he technological challenge of G e r d a  is to  o p era te  in a “background- 
free” regim e in th e  region of in terest (R O I) afte r analysis cu ts  for th e  full 1OOkg-yr ta rg e t 
exposure of th e  experim ent. A careful m odeling and  decom position of th e  full-range energy 
spec trum  is essential to  p red ic t th e  shape and  com position of events in th e  R O I around 
Qpfj for th e  O v - -  search, to  ex tra c t a precise m easurem ent of th e  half-life of th e  double­
b e ta  decay m ode w ith  neu trinos (2v - 3 ) and  in order to  identify  th e  location of residual 
im purities. T he la tte r  will p erm it fu tu re  experim ents to  build  stra teg ies in o rder to  fu rth e r 
lower th e  background and  achieve even b e tte r  sensitivities. In  th is  artic le  th e  background 
decom position  p rior to  analysis cu ts  is p resen ted  for G e r d a  P h ase  II. T he background 
m odel fit yields a flat spec trum  in th e  R O I w ith  a background index (BI) of 16.O4-0g0 ■ 
1O- 3 cts/(keV -kg-yr) for th e  enriched B E G e d a ta  set and  14.68-0.52 ' 1O- 3 cts/(keV -kg-yr) 
for th e  enriched coaxial d a ta  set. T hese values are sim ilar to  th e  one of P h ase  I desp ite  a 
m uch larger num ber of de tec to rs  and  hence rad ioactive hardw are com ponents.
K e y w o r d s : D ark  M a tte r  and  D ouble B e ta  D ecay (experim ents)
A r X iy  e P r in t : 1909.02522
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1 In troduction
A large fraction  of cu rren t experim ental efforts are devoted to  te s t th e  precision of th e  
s tan d a rd  m odel of partic le  physics and  investigate th e  presence of new phenom ena. M any 
extensions of th e  s tan d a rd  m odel p red ic t ra re  processes and  in p articu la r th e  existence 
of neutrinoless doub le-be ta  (0 v ^ ^ ) decay [1- 3]. T he observation  of th is  lep ton-num ber 
v io lating  decay would shed light on th e  n a tu re  of neu trinos and  could give a h in t on th e  
scale of n eu trin o  masses.
T he G E R m anium  D etec to r A rray  ( G e r d a )  experim ent [4 , 5] is searching for th e  Ovfifi 
decay of th e  can d id a te  iso tope 76Ge a t a Q-value of Q ^  =  2039.061(7) keV [6]. G e r d a  is 
o p era tin g  37 de tec to rs m ade from  m ateria l enriched in 76Ge and  a to ta l m ass of 35.6 kg bare 
in 64 m 3 of liquid A rgon (LA r, p u rity  5.0). T he experim ent profits from  th e  high shielding
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pow er of th e  L A r and  its scin tilla tion  properties. A hybrid  in s tru m en ta tio n  consisting  of 
light guiding fibers read  ou t by silicon pho tom ultip liers (SiPM s) and  16 photom ultip liers 
(P M T s) d e tec t L A r scin tilla tion  light in order to  veto events depositing  energy in th e  
cryogenic liquid [5]. T he LA r c ry o sta t itself is s itu a ted  inside a tan k  filled w ith  59O m 3 of 
purified w ater shielding aga inst ex ternal ionizing rad ia tio n  and  neu trons. F urtherm ore , it 
is in stru m en ted  w ith  66 P M T s to  veto  m uons by th e  detec tion  of Cerenkov light. G e r d a  
is th e  first Ovfifi decay experim ent w orking in a “background-free” regim e in th e  region of 
in terest (ROI) a fte r analysis cu ts  [7- 9], w here th e  R O I is Q ^  ±  F W H M /2 , and  FW H M  is 
defined as full w id th  half m axim um .
In  th e  following, we present th e  spec tra l decom position of G e r d a  P h ase  II d a ta . T he 
analysis is conducted  p rio r th e  app lica tion  of active background suppression techniques 
to  d a ta , i.e. th e  LA r veto [5] and  pulse shape d iscrim ination  (PSD ) tak in g  advan tage of 
p a rticu la r d e tec to r signal shapes [1O]. A new assay of th e  G e r d a  background is necessary 
due to  su b stan tia l upgrade works finished in 2015 [5]. M ost s tru c tu ra l com ponents close to  
th e  detec to rs have been exchanged using m ateria ls w ith  im proved radio-purity , th e  de tec to r 
a rray  has been enlarged and  th e  LA r veto in stru m en ta tio n  has been deployed du ring  th e  
upgrade. M oreover, each d e tec to r s tring  (enclosed in a copper m ini-shroud during  P hase  I) 
has been encapsu la ted  in a tran sp a ren t nylon m ini-shroud in order to  lim it th e  d rift of 42K 
ions in th e  d e tec to r v icin ity  and  ap p ro p ria te ly  p ro p ag ate  th e  LA r scin tilla tion  light [11] 
(see section 2.3 for details). T he in tro d u ctio n  of these new se tup  com ponents and  m ateria ls 
changes th e  d is trib u tio n  and  com position  of rad ioactive im purities in th e  setup.
A precise knowledge of th e  spec tra l com position  of th e  d a ta  is a key po in t for fu rth e r 
analysis like accessing th e  half-life of th e  lep ton  num ber conserving m ode of doub le-be ta  
(2 v ^ ^ ) decay. M oreover, th e re  are significant efforts tow ards reaching th e  tonne-scale of 
active isotope m ass and  th e  localization  of rem aining rad ioactive im purities inside th e  setup  
is th e  basis for th e  possible fu rth e r reduction  of background. T his is essential for fu tu re  
endeavors in order to  boost th e  cu rren t signal discovery and lim it se ttin g  sensitiv ity  by two 
orders of m agn itude to  th e  range of T 0/2 >  1 ■ 1O28 yr.
2 D ata  selection and prior knowledge
T he d a ta  analyzed in th e  following were tak en  betw een D ecem ber 2015 and  A pril 2O18. In 
th is  period  th e  G e r d a  a rray  consisted of 40 h igh-purity  germ anium  (H PG e) detectors: 30 
B road  E nergy  G erm anium  (BEG e) de tec to rs  [12, 13] and  10 de tec to rs w ith  a sem i-coaxial 
geom etry  th ree  of w hich are m ade from  germ anium  w ith  a n a tu ra l iso tope com position. 
T he enrichm ent fraction  of th e  30 enriched B E G e (enrB EG e) de tec to rs  is 87.8 % while 
th e  respective fraction  for th e  7 enriched coaxial (enrCoax) detec to rs is in th e  range of 
85.5-88.3 % [5].
D e te c t o r  g e o m e tr ie s .  T he G e r d a  H P G e detec to rs  are m ade of p -ty p e  germ anium . p+ 
and  n+  con tac ts  are m anufactu red  via boron  im p lan ta tio n  and  lith ium  diffusion, respec­
tively. T he p+  electrode is connected to  a charge sensitive am plifier while th e  n+  electrode 
is biased a t typ ically  4kV . A groove betw een th e  tw o con tac ts  provides electrical insu la­
tion . T he bias high-voltage creates an  in te rna l electrical field w hich is responsible for charge
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collection. W hen biased a t full-depletion voltage, th e  germ anium  detec to rs reach m axim al 
(e =  1) charge collection efficiency (C C E) in an  in terna l active volum e, su rrounded  by a 
tran s itio n  layer (TL) w ith  reduced C C E  (0 <  e <  1) and  low electric field. T he TL  is 
covered by a th in  conductive layer in which all charges recom bine and  charge collection is 
en tire ly  suppressed (e =  0), therefore, called dead  layer. We define th e  con tac t thickness as 
th e  d ep th  a t which th e  C C E  reaches its m axim al value. T he G e r d a  detec to rs are of two 
d is tin c t geom etries. In  th e  sem i-coaxial layout th e  th in  p+  con tac t (0.5 — 1 ^m ) covers th e  
en tire  bore hole; in th e  B E G e-type, instead , th e  sam e con tac t is a disk of 15 m m  d iam eter 
(see figure 3 in reference [14]). T he n+  con tac t, ab o u t 1m m  thick, “w raps a ro u n d ” th e  
d etec to r. A n exhaustive descrip tion  of th e  G e r d a  d e tec to r geom etries and  p roperties  can 
be found in previous publications [5 , 12- 14]. T he d e tec to r arrangem en t in th e  7 strings 
th a t  co n s titu te  th e  G e r d a  array  is g raphically  presen ted  in figure 1a (and in th e  append ix  
in figure 8) .
D a t a  a c q u is i t io n  a n d  t r e a t m e n t .  All d a ta  are  recorded using FA DCs and  are d ig ita lly  
processed off-line [5]. T h e  linearity  of th e  d a ta  acquisition  system  and  off-line energy 
reconstruction  was tes ted  w ith  a precision pulse g en era to r over th e  whole dynam ic range 
of th e  FADCs. U p to  an  energy of a t least 6 M eV no m ajo r non-linearity  and  pulse shape 
deform ation  was observed.
A signal above th resho ld  in any of th e  germ anium  detec to rs triggers th e  d a ta  acqui­
sition  and  th e  respective event is w ritten  to  disk. A n event is defined as th e  set of traces 
recorded in th e  40 germ anium  detecto rs, 16 pho tom ultip liers (P M T ) and  15 silicon pho­
tom u ltip lie r (SiPM ) channels from  th e  L A r veto and  th e  signal from  th e  W ater Cerenkov 
m uon veto. T his hardw are th resho ld  is d e tec to r and ru n  dependen t and  varies betw een 
20 keV and  200 keV. T he energies of all o th er de tec to rs are  reconstructed  from  th e  recorded 
traces and  we app ly  a th resho ld  of 40 keV on these. A t th is  th resho ld  th e  reconstruction  
efficiency is p ractically  100% . Hence, we are sure to  t re a t  d a ta  and  sim ulations in a con­
sisten t m anner. In  th e  following, we define th e  m ultip lic ity  of an  event as th e  num ber of 
germ anium  detec to rs in w hich an  energy of a t least 40 keV is registered.
T he energy deposition  associated  to  each germ anium  d e tec to r signal is determ ined  via 
a zero area  cusp (ZAC) filter [16] which is op tim ized off-line for each d e tec to r and  each 
ca lib ra tion . C alib ra tions are usually  tak en  w ith  th ree  228T h  sources w hich are lowered into 
th e  LA r to  th e  vicin ity  of th e  d e tec to r a rray  in a 1-2 week cycle. An energy correction  due 
to  crossta lk  betw een d e tec to r channels is perform ed for each event. T he average crosstalk  
for all pairs of channels is ab o u t 0.05%. D etails ab o u t th e  crossta lk  correction can  be found 
in reference [17]. E vents in a w indow Q ^  ±  25 keV are excluded from  th e  analysis un til 
all selection cu ts  are finalized. T he num ber of events and  th e ir  energies in th is  w indow are 
only released once all analysis steps are defined.
E ach event has to  pass a num ber of qua lity  cu ts  which are ta ilo red  to  filter unphysical 
events [7]. D a ta  tak in g  periods in w hich stab le  op era tio n  canno t be gu aran teed  are ex­
cluded from  analysis. T he overall d u ty  cycle in G e r d a  P h ase  II  is 92.9 %. We keep 80.4 % 
of th e  recorded d a ta  as valid analysis d a ta  set, d iscard ing  for instance, periods of unstab le  
ca lib ra tio n  or ea rthquakes like in A ugust 2016. D etecto rs w ith  an  u nstab le  energy calibra-
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data set composition
to tal Ge 
mass [kg]
active 76 Ge 
mass [kg]
to tal Ge 
exposure [kg-yr]
active 76 Ge 
exposure [kg-yr]
M1-enrBEGe 29 enrBEGet 19.362 ±  O.O29 15.O6 ±  O.4O 32.124 ±  O.O48 25.O8 ±  O.45
M1-enrCoax 7 enrCoax 15.576 ±  O.OO7 11.61 ±  O.54 28.O88 ±  O.O13 21.O ±  1 .O
M2-enrGe all enriched 34.938 ±  O.O3O 26.67 ±  O.67 60.212 ±  O.O5O 46.1 ±  1.1
t T h e  B E G e  d e te c to r  GD02D is th e  on ly  d e te c to r  t h a t  d o es n o t fu lly  d e p le te  [13]. H ence, ev en ts  tr ig g e re d  
by  th is  d e te c to r  a re  n o t co n sid ered  in e i th e r  d a ta  se t. GD02D is o m itte d  from  th e  m ass c o m p u ta tio n .
T ab le  1. Properties of the data sets considered in this analysis. Further details about the G erda 
detectors can be found in past publications [13, 14].
tio n  are used only to  d eterm ine th e  event m ultip licity  b u t do no t en ter any d a ta  set, e.g. an  
event th a t  triggers th ree  detec to rs one of w hich canno t be ca lib ra ted  well is no t considered 
a two- b u t a th ree -d e tec to r event. Also, tw o-detecto r events involving a d e tec to r w hich is 
no t well ca lib ra ted  are rejected. E vents w ith  a m ultip licity  higher th a n  tw o are d iscarded 
by defau lt and, likewise, events which trigger th e  m uon veto  are excluded.
2 .1  A n a ly s is  d a t a  s e ts
E vents of m ultip licity  one (Ml) and  m ultip licity  tw o (M2) from  detec to rs w ith  enriched 
isotope com position  are accounted for in th e  co nstruc tion  of th e  analysis d a ta  sets. E vents 
from  th e  coaxial detec to rs  w ith  n a tu ra l iso tope com position, located  in th e  cen tra l de tec to r 
string , are no t used in th is  analysis due to  large uncerta in ties on th e ir n+  co n tac t thickness 
and  detec tion  efficiency. T he Ml events are split in tw o d a ta  sets based on th e  tw o enriched 
d e tec to r geom etries which we call Ml-enrBEGe and  M l-enrC oax in th e  following. T he M2 
d a ta  form  a th ird  d a ta  set w hich is nam ed M 2-enrGe. T he energy we associate to  an  M2 
event is th e  sum  of th e  energies reconstructed  in th e  tw o de tec to rs. T he d a ta  sets, th e ir 
exposure and  respective d e tec to r m ass are listed in tab le  1 .
2 .2  M o n te  C a r lo  s im u la t io n s  a n d  p r o b a b i l i ty  d e n s i ty  fu n c t io n s
T he P ro b ab ility  D ensity  Functions (P D F s) used to  m odel con tribu tions to  th e  energy spec­
t r a  are ob ta in ed  from  M onte C arlo  sim ulations. T he la tte r  are perform ed using th e  M a G e  
sim ulation  fram ew ork [18], based on G e a n t 4  v 1 0 .4  [19- 21]. M a G e  contains a software 
im p lem entation  of th e  G e r d a  P h ase  II  de tec to rs as well as th e  assem bly and  all o ther 
su rround ing  hardw are com ponents. A visualization  of th is  im plem entation  is p resen ted  in 
figure 1. D e tec to r in trinsic 2v@P decays of 76Ge and background events o rig inating  from 
radioactive con tam inations in and around  th e  d e tec to r assem bly are sim ulated . T he energy 
spec trum  of th e  tw o electrons em itted  in th e  decay was sam pled according to  th e
d is trib u tio n  given in reference [22] im plem ented in D e c a y 0 [23]. T he P D F s are ob ta ined  
from  th e  M onte C arlo  sim ulations, tak in g  in to  account th e  finite energy resolution  and  in­
d iv idual exposure acquired w ith  each d e tec to r du ring  th e  considered d a ta  tak in g  periods. 
Special care is tak en  no t to  sta tis tica lly  bias th e  P D F s by assuring th a t  each sim ulated  
decay is tak en  in to  account only once in th e  p ro d u c tio n  of a P D F . For m ore details  see 
app en d ix  C .
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F ig u re  1. Implementation of the G erda  array in MaG e , visualized using the G eant4 visualiza­
tion drivers. From left to right: a) the G erda detectors, b) the holder mounting, composed of silicon 
plates and copper bars c) the high-voltage and signal flexible flat cables plus the front-end electron­
ics on top, d) the full array instrumentation, including the transparent nylon mini-shrouds, e) the 
full LAr veto system surrounding the array, including the fiber shroud (in green), the Tetratex®- 
coated copper shrouds (above and below the fibers) and the two PM T arrays, f) the LAr veto 
system without the copper shrouds.
2 .3  B a c k g r o u n d  e x p e c t a t i o n
T he event energy d is trib u tio n  of th e  th ree  d a ta  sets is displayed in figure 2 ; th e  sum  
spec trum  of M1-enrBEGe and  M l-enrC oax in th e  to p  panel and  M 2-enrGe in th e  b o tto m  
panel. For th e  sing le-detector d a ta , in th e  to p  panel, th e  following features are m ost 
noticeable: th e  fi decay of 39A r dom inates th e  spec trum  up to  565 keV while betw een 600 
and  1500 keV th e  m ost p rom inen t com ponent is th e  continuous spec trum  of 2vfifi decay of 
76Ge. Tw o y  lines a t 1461 and  1525 keV can  be a ttr ib u te d  to  40K and  42K; fu rth e r visible 
Y lines belonging to  85K r, 208Tl, 214Bi and  228Ac are ind icated  in th e  figure. T he highest 
energies displayed are dom inated  by a peak  like s tru c tu re  em erging a t 5.3 M eV w ith  a 
p ronounced low energy ta il. T his is a typ ical spec tra l featu re  of a  partic les and  can, here, 
be a ttr ib u te d  to  210Po decay on th e  th in  d e tec to r p+  surfaces [14]. E vents above th e  210Po 
peak  belong to  a  decays em erging from  th e  226R a  sub-chain  on th e  d e tec to r p+ surfaces. 
All these com ponents co n trib u te  also to  M 2-enrGe except for 39Ar, 2vfifi and  high energy 
a  com ponents. This is due to  th e  short range of a  (tens of pm ) and  fi partic les (typically  
sm aller th a n  1.5 cm ) in L A r and  germ anium  w ith  respect to  th e  d istance betw een detec to rs 
w hich is of th e  o rder of several cm.
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energy [keV]
F ig u re  2. Summed energy spectra of single-detector events (M1-enrBEGe and Ml-enrCoax, top 
panel) and two-detector events (M2-enrGe, bottom  panel) collected in G e rd a  Phase II. The promi­
nent features due to detector intrinsic 2vPP events, 42K, 39 Ar and 85Kr in the LAr, 40K, the 232Th 
and 238U decay chains are highlighted. The window blinded for the OvPP analysis (Qpp ±  25 keV) 
is marked in grey.
T he s tru c tu ra l com ponents of th e  se tup  have been screened for th e ir  rad io -p u rity  be­
fore deploym ent. Two m easurem ent m ethods were used depend ing  on th e  screened isotope: 
Y ray  spectroscopy (Ge-Y) w ith  H igh P u rity  G erm anium  (in four underground  lab o ra to ­
ries, for details  see reference [4]) and  m ass sp ec tro m etry  w ith  Inductively  C oupled P lasm a 
M ass S pectrom eters (IC P-M S) [24]. E specially  m ateria ls close to  th e  de tec to rs have been 
screened for rad ioactive con tam inations o rig inating  from  th e  238U and 232T h  decay chains, 
40K and  60Co. For m easured specific activ ities and  u p p er lim its see reference [5] section 5. 
All possible background sources tak en  in to  consideration  in th is  analysis are described in 
d e ta il below. T he descrip tions are accom panied by a selection of P D F s in figure 3 (see also 
app en d ix  C ) .
232T h  a n d  238U  d e c a y  c h a in s . T he only isotopes sim ulated  are 234mP a, 214P b  and
214Bi from  th e  238U decay chain and  228Ac, 212Bi and 208T l from  th e  232T h  decay chain.
T he following groups of isotopes are assum ed to  be in secular equilibrium : [238U, 234mPa] 
[226R a, 214P b , 214Bi] [228R a, 228Ac] and  [228T h, 212Bi, 208Tl]. T h eir decay p ro d u c ts  consist
of y  or P partic les w ith  an  energy higher th a n  520 keV. Less energetic partic les from  the
rem aining co n stitu en ts  in th e  chain do not en ter th e  energy window w hich is considered in
th e  presen ted  analysis. T he a  em itte rs  from  th e  decay chains co n tam in atin g  th e  th in  p+  
electrodes are described below.
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60C o . A significant frac tion  of com ponents in th e  G e r d a  se tup  is m ade of copper [5], 
w hich can  be produced  w ith  high rad io -pu rity  b u t is p o ten tia lly  ac tiva ted  by cosm ic rays 
producing  th e  long-lived isotope 60Co. T he la tte r  decays w ith  a half-life of 5.2711(8) yr; 
from  m ateria l screening it is also expected to  be found in som e of th e  d e tec to r high-voltage 
flexible flat cables.
40K . T his iso tope is found in all screened m ateria ls. C o nstruc tion  m ateria ls  were not 
op tim ized for u ltra-low  40K con ten t because th e  Q-value of its decay is well below Q ^  and 
hence does no t co n trib u te  to  th e  background in th e  R O I. T he 40K decay spec trum  exhib its 
a y  line a t 1460.822(6) keV w ith  an  accum ulated  s ta tis tics  on th e  o rder of 1 0 0 c ts /d e tec to r . 
In  figure 12 th e  expected  counts per d e tec to r for 40K sim ulated  in different locations are 
shown. U sing th e  ra tio  of events d etec ted  in different de tec to rs, in form ation  ab o u t th e  
sp a tia l d is trib u tio n  of 40K can  be ex trac ted . We use th is  spatia l in form ation  to  resolve 
degeneracies of 40K in th e  energy sp ec tra  (for details  see app en d ix  A ) .
42K . A cosm ogenically produced  iso tope in L A r is 42A r (T 1/2 =  32.9(11) yr) w hich decays 
to  42K. T he d is trib u tio n  of 42K inside th e  LA r is likely to  be inhom ogeneous due to  d rift of 
th e  ionized decay p ro d u c ts  induced by th e  electric field (generated  by high-voltage cables 
and  detec to rs) and  convection. 42K decays to  42C a via fi decay w ith  a half-life of 12.355(7) h 
and  a Q -value of 3525.22(18) keV, well above Q ^ . For th e  fi partic le  to  be d e tec ted  th e  
decay needs to  h ap p en  w ith in  a d istance of a few cen tim ete rs 1 to  th e  d e tec to r surface. As 
th e  detec to rs are in d irec t con tac t w ith  th e  LA r, th e  fi com ponent of 42K p o ten tia lly  gives 
one of th e  m ost significant con tribu tions to  th e  background in th e  R O I. Therefore, we 
sep ara te  decays o rig inating  inside and  ou tside  th e  m ini-shrouds in th e  following analysis. 
T he full-range fit has little  sensitiv ity  to  any po tassium  inhom ogeneity  ou tside th e  m ini­
shrouds. B ased on detector-w ise observations, however, a surplus of 42K above th e  d e tec to r 
a rray  in th e  v icin ity  of th e  front-end electronics is deduced (see append ix  A ) . O utside th e  
m ini-shrouds we, hence, consider a hom ogeneous com ponent and  an  add itional d is trib u tio n  
above th e  d e tec to r array. Inside th e  m ini-shrouds th e  fi spec trum  becom es p o ten tia lly  
im p o rtan t. Some scenarios are possible, th e  closer 42K decays to  th e  d e tec to r surface, 
nam ely  to  th e  n+ and  p+ contacts, th e  m ore fi partic les en ter th e  germ anium . A fraction  
of events a round  Q ^  com ing from  42K is po ten tia lly  due to  y  partic les w ith  higher energy 
and  sub-percent level b ranch ing  ra tio  or sim ultaneous energy deposition  of m ultip le Y 
partic les. This y  com ponent could becom e im p o rtan t for large qu an titie s  of 42K no t located  
d irec tly  on th e  d e tec to r surfaces w ith  th e  fi partic le  being absorbed  in th e  LAr. As for 40K 
also th e  y  line a t 1525 keV of 42K contains valuable in form ation  ab o u t th e  sp a tia l decay 
d is trib u tio n  of th is  isotope. In  co n tra st to  40K no add itiona l in form ation, e.g. from  rad io ­
p u rity  screening m easurem ents, is available. For m ore detailed  in form ation  ab o u t 40K and 
42K see append ix  A .
1The path length of 42K fi particles in LAr is less than 1.6 cm, but bremsstrahlung photons from the 
interaction with LAr can travel as far as ^10 cm.
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a  e m i t t e r s .  T he lithium -diffused n+  d e tec to r surfaces ac t as a b arrie r for a  partic les. 
T he la tte r  can  only p en e tra te  th e  very th in  boron-im plan ted  p+ -co n tac t or th e  con tac t 
sep ara tin g  groove. a  partic les have to  be em itted  d irec tly  a t th e  surface or from  a th in  
ad jacen t layer of LA r. Since a  partic les have to  cross th e  ~  0.5 pm  th ick  p+  dead  layer and 
therefore only p a rt of th e ir  in itia l energy is deposited  in th e  active volum e, th is background 
com ponent leads to  peaks w ith  charac te ristic  low-energy tails  in th e  H P G e energy sp ec tra  
(see figure 3e) . Some a  events, p resum ably  orig inating  from  th e  d e tec to r groove, are recon­
s tru c ted  w ith  degraded  energy and  lead to  an  add itional, continuous spec tra l com ponent. 
We find m ainly  210Po b u t also traces of isotopes from  th e  226R a  decay chain.
D e te c t o r  b u lk  im p u r i t i e s .  C osm ogenically produced  long-lived isotopes can  also be 
found in germ anium  [25- 27]. In  p articu la r, 68Ge and  60Co can  occur as d e tec to r in trinsic 
im purities w ith  half-lives of 270.93(13) d and  5.2711(8) yr. T he B E G e de tec to rs were kept 
u nderground  during  m ajo r p a rts  of th e  fabrication  and  ch arac te riza tio n  operations. Periods 
w hen these de tec to rs were above g round have been tracked  in a d a tab ase  [12]. Thus, for th e  
w ell-m onitored B E G e de tec to rs we expect im purities of 5 n ucle i/kg  of 68Ge and  21 nuclei/kg  
of 60Co as of S eptem ber 2014 [12]. E x trap o la tin g  th e  expected  im purities to  th e  whole 
P h ase  II d a ta  tak in g  period  we expect on average 0 .0 3 c ts /d a y  from  68Ge and  0 .1 c ts /d a y  
due to  60Co. From  background m odeling in P hase  I [14] th e  co n trib u tio n  for th e  coaxial 
de tec to rs form erly used in th e  H eidelberg-M oscow  (H d M ) [28] and  I g e x  [29] experim ents 
is expected  to  be even sm aller due to  th e ir  long storage underground. S im ulating th e  
expected  d e tec to r bulk  im purities we find background con tribu tions around  Qpg of less 
th a n  10-4  cts/(keV -kg-yr) in b o th  cases. Hence, we conclude th a t  68Ge as well as 60Co 
can  be neglected in th e  following analysis. P o ten tia l bulk  con tam inations w ith  238U and 
232T h  were stud ied  in reference [30]. O nly u p p er lim its were found, estab lish ing  germ anium  
crysta ls as m ateria l of o u ts tan d in g  radio-purity . Hence, we only consider th e  decay of 76Ge 
v ia  2vP P  as d e tec to r in trinsic  background com ponent while all o th e r in trinsic  im purities 
are considered to  be negligible.
O t h e r  s o u rc e s .  As discussed in reference [14], p ro m p t cosm ic m uon induced background 
events are efficiently vetoed by th e  identification of Cerenkov light em itted  by muons 
w hen th ey  pass th e  w ate r tan k . T he expected  BIs, due to  th e  d irec t m uon and  neu­
tro n  fluxes a t th e  LNGS underground  laboratory , have been es tim ated  to  be of th e  order 
3 ■ 10-5  cts/(keV -kg-yr) [31] and  10-5  cts/(keV -kg-yr) [27] in earlier works, respectively. 
B ackground con tribu tions com ing from  delayed decays of 77Ge and  77mGe, also induced by 
cosm ic m uons, are  es tim ated  to  be 0.21 ±  0.01 nuclei/(kg-yr) [32] corresponding  to  a BI 
p rio r to  th e  active background suppression techniques of ab o u t 10-5  c ts/(keV -kg-yr). Also, 
th e  w ater ta n k  and  LA r c ry o sta t con tam inations are expected  to  co n trib u te  to  th e  G e r d a  
B I w ith  less th a n  10-4  cts/(keV -kg-yr) [4 , 33]. All above m entioned con tribu tions are con­
sidered negligible in th is  work. O th er p o ten tia l sources of background from  in teractions of 
76Ge [15, 27] and  206P b  [34] w ith  neu trons and  56Co for w hich no evidence was found are 
no t tak en  in to  consideration . T he cosm ogenically produced  iso tope 39A r and  th e  an th ro ­
pogenic isotope 85K r [35], which are dissolved in LAr, em it partic les which are dom inan tly  
less energetic th a n  th e  energy w indow w hich is considered in th e  presented  analysis.
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(a) 60Co, 234mPa, 228Ac contaminations and de­
tector intrinsic 2 v f3 f3 decay.
(b) 212Bi and 208Tl (232Th chain) contamina­
tions far from (fiber shroud) and close to (mini­
shrouds) the detector array.
(c) 40K contamination close to the detector ar­
ray (on the mini-shrouds), at a higher radial dis­
tance (on the fiber shroud) and higher vertical 
distance (on the copper shrouds).
(d) 42K contamination in different locations in­
side the LAr.
(e) 210Po a  decays on p+ contact surface for dif­
ferent thicknesses of the inactive contact layer. 
For 0nm the nuclear recoil energy can be ab­
sorbed and some energy can be lost in the LAr.
(f) 42K contamination in different volumes in 
the LAr and detector intrinsic 2 v f3 f3 for compar­
ison. The energy window (ROI) considered is 
(1525 ± 4) keV (42K y line).
F ig u re  3. From (a) to (e): PDFs in the full energy domain. The PDFs for the Ml-enrGe 
(Ml-enrBEGe +  Ml-enrCoax) (in fully opaque colors) and the M2-enrGe (in shaded colors) data sets 
relative to different background sources. For visualization purposes a variable binning is adopted. 
(f) PDFs per detector for the 42K y line. All PDFs are normalized to  the number of simulated 
primary decays.
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3 S tatistical analysis
T he m ultivaria te  s ta tis tica l analysis, w hich is used to  m odel and  disen tangle th e  back­
ground in its com ponents, runs on th e  th ree  binned d a ta  sets M1-enrBEGe, M l-enrC oax 
and  M2-en rG e . It is based on th e  reconstructed  energy w ith  th e  zero area cusp (ZAC) filter 
a lgorithm  w hich is close to  op tim al and  provides an  excellent low -frequency rejection [16]. 
T he single-detector d a ta  sets Ml-enrBEGe and  M l-enrC oax con ta in  th e  reconstructed  ZAC 
energy of all M1 events w hereas for th e  tw o-detecto r events th e  sum  of th e  tw o reconstructed  
energies is p u t in th e  M 2-enrGe d a ta  set. M oreover, th e  count ra te  p er d e tec to r is used 
for th e  tw o po tassium  7  lines. T he sp a tia l event d is trib u tio n  is a collection of th e  num ber 
of events per d e tec to r for Ml events and  expressed in a m a trix  of pairs of detec to rs for all 
M2 events.
A ssum ing th a t  th e  num ber of events in each bin  follows th e  Poisson p robab ility  dis­
tr ib u tio n  Po is(n ; v ), w here v is th e  expected  m ean and  n  is th e  experim entally  m easured 
num ber of counts, th e  likelihood function  for a b inned  d a ta  set reads n N r  P o is(n ,; v ) .  
H ere vi =  ^ ^ = ° ^  v(fc) is th e  expected  num ber of events in th e  i- th  bin, ca lcu lated  as th e  sum  
of th e  con tribu tions from  each background com ponent k; Vj(Ai , . . . ,  ANc°m) is a function  of 
th e  p aram eters  of in terests Aj (isotope activ ities, half-life, etc .). T he com plete likeli­
hood function  adop ted  for th e  present analysis com bines th e  th ree  d a ta  sets Ml-enrBEGe, 
M l-enrC oax and  M2-enrGe:
Ndat Nbins
L ( A i , . . . , A m | d a ta )  =  P o is(n d,i; vd,i) . (3.1)
d=1 i=1
T he s ta tis tica l inference is m ade w ith in  a B ayesian  fram ew ork. Hence, to  o b ta in  
posterio r probabilities for th e  free p aram eters  of in terest A j , th e  likelihood defined in 
equa tion  (3.1) is m ultip lied  according to  th e  Bayes theorem  by a facto r m odeling th e  prior 
knowledge of each background com ponent as presen ted  in section 2 .3 . T he co m p u ta tio n  is 
perform ed using a M arkov C hain  M onte C arlo (M CM C) and  is im plem ented using th e  BA T 
softw are su ite [36, 37]. P oste rio r p robab ility  d istrib u tio n s of any observable th a t  is no t a 
free p aram ete r of th e  likelihood function, like background index estim ates, are ob ta ined  
by sam pling th e  desired p aram ete r from  th e  M CM C. A p-value estim ate  is provided as a 
goodness-of-fit m easure by ado p tin g  th e  algorithm  suggested in reference [38] for Poisson- 
d is trib u ted  d a ta . I t has to  be kept in m ind th a t  th is  p-value estim ate , however, is no t as 
well su ited  for m odel com parison as is for instance a Bayes factor; e.g. th e  num ber of free 
param eters  is not tak en  in to  account while a Bayes facto r always penalizes m odels th a t  
add  ex tra  com plexity  w ith o u t being required  by th e  d a ta .
3 .1  A n a ly s is  w in d o w  a n d  b in n in g
T he fit range and  d a ta  bins are chosen such as to  exploit as m uch inform ation  from  spectra l 
featu res as possible b rough t by d a ta  w ith o u t in troducing  undesired  bias. T he chosen fit 
range in energy space for th e  sing le-detector d a ta  sets (M l-enrBEGe and  M l-enrC oax) s ta r ts  
from  ju s t above th e  end-po in t of th e  39A r spectrum  a t 565 keV and  ends ju s t above 
th e  210P o  peak  a t 5260 keV, w here th e  event ra te  drops to  alm ost zero values. For th e
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tw o-detecto r events (M 2-enrGe d a ta  set) th e  fit range s ta rts  a t 520 keV and  ex tends up  to  
3500 keV. Possible add itional com ponents ou tside of th is  range (e.g. 39Ar) do ne ither add 
in form ation  to  th e  background decom position in th e  R O I around  Qpp nor to  th e  analysis 
of 2v@P decay. F urtherm ore , a t energies lower th a n  ^ 1 0 0  keV th e  shape of th e  P D F s is 
dom inated  by uncerta in ties on th e  d e tec to r tran s itio n  layer m odel, w hich describes th e  
charge-carrier collection a t th e  in terface betw een th e  n+  co n tac t and  th e  d e tec to r active 
volum e. T he exact n a tu re  of th is  tran s itio n  region is different for each d e tec to r and  prone 
to  system atic  uncerta in ties [39].
W ith  an  energy resolution which is typ ically  3 -4  keV a t Q ^  (FW H M ) [8, 9] and  b e tte r  
a t lower energies, a fixed bin  size of 1 keV was chosen for all d a ta  sets. T he only exceptions 
are th e  tw o 7  lines from  40K and  42K each of which is com bined in a single bin  from 
1455 keV to  1465 keV and from  1520 keV to  1530 keV, respectively. T his is done in order to  
suppress any system atic  uncerta in ties of th e  energy ca lib ra tion  and  reso lu tion  m odel th a t  
affect th e  position  and  shape of th e  7  lines [9].
3 .2  L ik e l ih o o d  f a c to r i z a t io n
A fea tu re  of th e  selected d a ta  is th a t  th e  likelihood in equa tion  (3.1) can  be factorized in 
uncorre la ted  p a rts  w hich can  be studied  individually  and  in detail. In  th e  following we 
shortly  ou tline th e  p a rts  of th e  d a ta  w hich were stud ied  in d ep th  based on th e  approach  of 
factorizing th e  likelihood in to  uncorre la ted  p arts . Finally, th e  resu lts of these analyses are 
inco rporated  in to  a full-range fit. T his procedure is equivalent to  a sim ultaneous analysis 
of all d a ta  b u t increases th e  in p u t knowledge for th e  fit and  breaks dow n th e  co m p u ta tio n al 
com plexity  in sm aller steps.
P o ta s s iu m  t r a c k in g  a n a ly s is .  As can  be no ted  from  figure 3c and  figure 3d th e  P D F s of 
40K and  42K in energy are prone to  degeneracies and  hence p aram ete r correlations. T heir 
m ost p rom inen t 7  lines a t 1461 and  1525 keV, respectively, con ta in  inform ation  on th e  
sp a tia l d is trib u tio n  while th e  tw o-detecto r events con ta in  in form ation  ab o u t th e  angu lar 
d is trib u tio n  of C om pton  sca tte red  events. T h eir com bination  is beneficial in order to  pin 
dow n th e  p o ten tia l location of th e  two po tassium  isotopes. In  to ta l th e  Ml d a ta  contains 
4472 cts in 1461 ±  4 keV and  6718 cts in 1525 ±  4 keV while th e  M2 events con tain  554 cts in 
1461 ±  6 keV and  865 cts in 1525 ±  6 keV, respectively. A n analysis of th e  num ber of events 
in th e  tw o po tassium  7  lines in each d e tec to r (and  d e tec to r pair) is used to  exploit m ainly 
top-dow n and  ro ta tio n a l asym m etries in th e  40K and 42K d istribu tions. T he num ber of 
events in th e  tw o energy windows are sum m arized detec to r-by -detecto r; in th e  following we 
refer to  th is  p rocedure as projection in  detector space. T he tre a tm e n t of th e  likelihood in 
equa tion  (3.1) is ou tlined  in d e ta il in app en d ix  A . T he num ber of events in all o th e r 7  lines 
is to o  low in order to  ad o p t a useful detector-w ise analysis. T he sp a tia l analysis of 40K 
and  42K is inco rporated  in th e  full-range fit by d irec tly  em ploying th e  posterio r p a ram ete r 
d is trib u tio n s  as p rio r in fo rm ation .2
2By adopting this approach, a part of the data in the potassium 7 lines region is analyzed twice: first 
in the potassium tracking analysis and then in the full-range fit. Nevertheless, considering that the two 
analyses exploit different data features (i.e. count rate per detector and total count rate per energy) and 
the overlap between the two data set is minimal, the overall effect is negligible.
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a  e v e n ts  b a c k g r o u n d  a n a ly s is .  T he sing le-detector energy sp ec tra  above 3.5 M eV (the  
Q-value of 42K fi decay) are strongly  dom inated  by a  events. T hey  are no t p resent in two- 
d e tec to r d a ta  due to  th e  sho rt range of a  partic les in LA r and  germ anium . Also, th is 
com ponent is no t co rrelated  to  o th er backgrounds considered here because it peaks a t 
energies well above th e  h ighest 7  em ission energies and  fi decay Q-values. A careful stu d y  
was carried  ou t considering various p+  co n tac t th ickness and  event ra tes to  reproduce th e  
210P o  peak. In  order to  reproduce a  events w ith  degraded  energy an em pirical m odel is fit 
to  th e  d a ta . A linear function  w ith  free slope and  offset and  a cut-off below th e  m axim um  
of th e  210P o  peak  fits th e  d a ta  well. T he agreem ent of th e  a  background m odel w ith  the  
d a ta  is d em o n stra ted  in append ix  B and  figure 9 there in . In form ation  from  th e  detailed  
analysis of th e  high-energy a  region is inco rporated  in th e  full-range fit using a com bined 
P D F  th a t  sum m arizes th e  210P o  peak  plus th e  226R a decay chain  and a linear floating 
com ponent for degraded  a  events.
3 .3  P r i o r  d i s t r i b u t io n s
T he following crite ria  are adop ted  to  convert th e  prior inform ation  described in section 2.3 
in to  prior p robab ility  d is trib u tio n s on th e  p aram eters  of in te re s t:3 if a m easured value w ith  
un ce rta in ty  is available for a background con tam ination  th en  a G aussian  d is trib u tio n  w ith  
a corresponding  centro id  and  a 1a  w id th  is adop ted . In  presence of a 90 % C.L. u p p er lim it, 
instead , an  exponen tia l p rior d is trib u tio n  is co n stru c ted  w ith  90 % of its area  covering p a­
ram e te r values from  0 up  to  th e  given 90 % C.L. u p p er lim it. A uniform  p rio r d is trib u tio n  is 
assigned to  com ponents for w hich no m easured value or u p p er lim it is available. R anges for 
uniform  priors are in itially  tak en  very wide, in order to  span  a large po rtion  of th e  allowed 
p a ram ete r space, th en  optim ized to  con ta in  a t least 99 % of th e  posterio r d is trib u tio n . As 
m entioned before, in ad d itio n  to  th e  in form ation  from  screening m easurem ents, p rio r d is­
tr ib u tio n s  for 40K and  42K are construc ted  considering th e  posterio r inference from  th e ir 
sp a tia l d is tr ib u tio n .4 M oreover, as 214Bi is p a r t of th e  226R a  decay chain, we constra in  a 
214Bi com ponent on th e  p+  con tac t by a G aussian  p rior ex trac ted  from  th e  ob ta ined  226R a 
ac tiv ity  based on th e  energy es tim a to r in th e  high-energy a  region.
4 R esults
As described in section 3.2 th e  a  event background and  po tassium  7  lines are studied 
ind iv idually  and  th e  resu lts are inco rporated  in th e  full-range fit as prior d istribu tions. T he 
la tte r  com bines a sim ultaneous fit of th e  Ml and  th e  M2 d a ta  sets. For th e  final com bination  
of p aram eters , ou tlined  in th is  section, com ponents w ith  a posterio r d is trib u tio n  peaked a t 
zero were elim inated  from  th e  fit. T he s tab ility  of th e  resu lts w ith  respect to  th e  bin  size 
and  p rio r d istrib u tio n s was verified. C hanging th e  prior d is trib u tio n  for fit p aram eters  for 
w hich no screening m easurem ent is available from  a flat to  an  exponen tia l one does not
3In Bayesian analysis the prior probability distribution describes all knowledge about an unobserved 
quantity of ultimate interest before taking the data into account.
4The Bayesian posterior distribution is the conditional probability distribution of the unobserved quan­
tities of ultimate interest, given the observed data.
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significantly im pact th e  final posterio r d istribu tions. T he com patib ility  of th e  final model, 
w hich includes 34 free fit p aram eters , w ith  d a ta  is su p p o rted  by a p -value of ~  0.3.
T he es tim ated  activ ities of ind ividual com ponents and  o th e r p aram eters  of in terest 
are listed in tab le  2 . In  p articu la r, for each com ponent we rep o rt th e  global and  th e  
m arginalized m ode of th e  posterio r p a ram ete r d is trib u tio n , along w ith  its sm allest 6 8%
C.I. T he global m ode corresponds to  th e  global best fit value while th e  m arginalized m ode 
is th e  m ost probable p aram ete r value w hen in teg ra tin g  over all o th e r p aram eters . T he 
original ty p e  of prior d is trib u tio n  is m arked w ith  [ f ]  for flat, [g] for G aussian  and [e] for 
exponential; th e  la tte r  tw o are used if screening m easurem ents are available. Subsequently, 
for all 40K and  42K com ponents, th e  prior d is trib u tio n  is im ported  from  th e  potassium  
track ing  analysis and for 214P b  and  214Bi on th e  p+ con tac t from  th e  reconstructed  226R a 
con ten t from  th e  a  events background analysis.
T he spec tra l decom position  of all d a ta  sets is shown in figure 4 . For each d a ta  set th e  
residual d is trib u tio n  as a m ultip le of th e  expected  1a  fluctua tion  in each bin  is displayed. 
We find for th e  Ml-enrBEGe d a ta  set 66.4% , 94.5%  and  99.6%  of po in ts in th e  1a-, 2a- 
and  3a-bands, for th e  M l-enrC oax  d a ta  set 66.0% , 94.7%  and  99.8%  and for th e  M2-enrGe 
d a ta  set 70.0% , 96.1%  and 99.7% , respectively. T hus, in all th ree  cases th e  residuals are 
norm ally  d is trib u ted . No outliers w ith  residuals larger th a n  3 a  are found in a ± 5 0  keV 
window around  Q ^  and  th e  bins exceeding 3 a  do not correspond to  any noted y  line.
T he 42K d is trib u tio n  is op tim ized to  best fit th e  d a ta . In  order to  d isen tangle th e  42K 
Y and  P com ponents, th e  volum e inside and  outside of th e  m ini-shrouds is sep ara ted  in th e  
P D F  construc tion . Inside th e  m ini-shrouds a hom ogeneous d is trib u tio n  is com patib le  w ith  
th e  d a ta  as well as 42K a ttach ed  to  th e  de tec to rs con tac t surfaces. In  th e  fit m odel given 
here, a possible scenario is chosen w here all 42K is located  on th e  n+ surfaces. However, 
we note th a t  42K on th e  p+  appears to  p a rtly  su b s titu te  th e  energy-degraded a  com ponent 
in th e  M l-enrC oax  d a ta  set if in troduced  in th e  fit and  p red ic ts a h igher to ta l B I around 
Q ^ . T he ex trac ted  42K ac tiv ity  on th e  enrC oax p+ con tac t in th is  case is 22 ±  4 |xBq 
corresponding  to  a co n trib u tio n  to  th e  B I a round  Q ^  of ( 7 ±  1) ■ 10-3  cts/(keV -kg-yr). For 
th e  Ml-enrBEGe d a ta  set th e  p osterio r d is trib u tio n  of a possible 42K com ponent on th e  p+ 
co n tac t is com patib le  w ith  zero. O utside th e  m ini-shrouds an  inhom ogeneous d is trib u tio n  
of th e  42K decays explains th e  observations b e tte r . D etecto rs w hich are located  a t higher 
positions in th e  strings show an excess of events in th e  42K 1525 keV y  line w hich is 
com patib le  w ith  a surplus of 42K located  righ t above th e  d e tec to r a rray  (see app en d ix  A ) . 
T he full-range fit m odel contains a hom ogeneous 42K d is trib u tio n  outside the m ini-shrouds  
w hich is reconstructed  w ith  a specific ac tiv ity  of 186 ±  39 |xB q/kg plus an  add itional 
d is trib u tio n  in th e  vicin ity  of th e  cables above the array.
A large fraction  of th e  co n tam in atio n  w ith  40K in th e  se tup  canno t be accounted for by 
th e  screened hardw are listed in tab le  2 . We thus add  a close ( ~  1 cm) and  a far (~  50cm ) 
40K com ponent w ith  respect to  th e  d e tec to r a rray  which are in fact replica of th e  P D F s for 
th e  m ini-shrouds and  th e  T etra tex ® -co ated  copper shrouds. T hese add itional com ponents 
absorb  th e  excess ind icated  by th e  fit, th e  largest p a r t of th e  reconstructed  events in th e  
sp ec tra  is a ttr ib u te d  to  im purities close to  th e  array.
- 13 -
JH
E
P
03(2020)139
source [pr io r ]  location units
global
mode
rm
wi1
irg. mode 
h 68 % Cl screening
Ml
model cont.ei 
units: cts 
-enrBEGe
it. in fit. range BI at. 
1 0 -3ct.s/(keV-kg-yr) 
M l-enrCoax
'>13/3
M2-enrGe
21/(3(3 [f] germ anium 1021yr 2.025 2.0.30 [2.016,2.044] - 45 272 _  0 .37 867 — 0 -[f] S2v (Coax) cts 2890 .3200 [2600, .3600] - - 1962 — -
[e] flat cables 384 .380 [355,408] <410 424 — 274 —
2.21
[2.03,2.34]
449
212g- _|_ 208^1
[g] copper shrouds^ pBq 194 197 [175,21.3] 194(19) .3
.3.52
.3 — 1
[g] m ini-shrouds 18.7 17.7 [13.8,23.8] 18(5) 21 21 — 24
[f] p+ (BEGe) 0.36 0.35 [0.27,0.5.3] - 6 — 0 — .3
[f] p+ (Coax) 1.05.3 1.07 [0.91,1.30] - 0 — 26 — 5
214P b  +  214Bi [g]
[g]
flat cables 
copper shrouds^
pBq
560
5.3.3
552
5.35
[52.3,594] 
[480, 585]
660(210)
5.32(5.3)
1194
9
—  2.6.3
—  [2.50,2.78]
750 — 
10 —
.3.16
[2.83,3.50]
92.3
4
[g] m ini-shrouds 45 47 [3.3,59] 43(1.3) 98 — 96 — 8.3
[g] SiPM -ring .35.3 .345 [256,450] .351(97) 6 — 5 — .3
[g] flat cables 2.95 2.9 [2.1,4.1] 6(2) 861 — 5.30 — .3.39
[g] front-end electronics 16.6 16.0 [11.5,20.3] 1.3(4) 104 — 79 — 46
[g] copper shrouds^ 18.4 18.2 [16.6,20.2] 18(2) 42 — 45 — 17
[g] fiber shroud 2.7.3 2.8.3 [2.29,3.39] 2.9(6) 124 — 116 — 55
40 K [g] detector holders mBq 1.64 1.75 [1.29,2.07] 2.8(6) 886 —  0 468 — 0 .3.34
[g] m ini-shrouds 1.70 1.69 [1.60,1.80] 1.7(6) 518 — 475 — 216
[g] SiPM ring 1.95 .3.0 [1.1,4.4] 2(2) 5 — 4 — 2
[f] far from the  array - - - 784 — 847 — .327
[f] close to the  array - - - .3469 — .3182 — 1446
[f] n+ (BEGe) pBq 261.5 295.0 [224.3, .324.7] - 920 — ------ 162
42 K [f] [ i (Coax) 490.0 415.0 [309.6, 506.0] - - —  5.69 806 — 1.29 162[f] LAr -  above array
Bq
0.451 0.45.3 [0.4.37, 0.468] - 5859 —  [4.58,6.29] 4421 — [1.15,1.40] 25.35
[f] LAr -  outside m ini-shrouds 2.026 2.027 [1.985,2.068] - 10 225 — 9691 — 4544
[g] copper shrouds^ 62.0 62.5 [56.0,67.9] 62(6) 1 — 1 — 0
22sA c [e] detector holders
pBq
18.3 182 [158,208] <250 541 —  0.36 281 — 0.3.3 .347
[g] m ini-shrouds 18.0 17.8 [12.9,22.8] 18(5) 28 —  [0.31,0.40] 27 — [0.28,0.37] 20
oOo [e] flat cables 11.3 114 [98,1.30] <250 .382 — 240 — .3.3.3
[f] 210Po +  226R a chain (BEGe) 117.3 118.3 [1127,125.3] - 561 — ------ -
a  decays [f][f]
210Po +  226 R a chain (Coax) 
energy-degraded (BEGe)
cts
.3.320
595
.3.300
628
[3200, .3400] 
[58.3,680]
-
587
—  3.31
—  [3.12,3.78]
1585 — 4.76
[4.40,5.08]
-
[f] energy-degraded (Coax) 700 698 [641,747] - - — 62.3 — -
t Tetratex® -coated.
T ab le  2. Summary of the analysis parameter estimates. Global mode and marginalized mode, along with its smallest 68% C.I., are reported 
as representatives of the posterior param eter distribution. The number of reconstructed counts in the fit range and the BI at Qpp prior active 
background suppression are listed for each component and each analysis data set. The original type of prior distribution is marked with [f] for 
flat, [g] for Gaussian and [e] for exponential.
6 £ i ( o z o z )  e o d a H r
F ig u re  4. Background decomposition of the event energy distributions of the (from top to bottom) 
Ml-enrBEGe, Ml-enrCoax and M2-enrGe data sets. Components referring to the same background 
source in different locations are summed together for visualization convenience. The blinded region 
Qpp ±  25 keV is highlighted in gray. In the three lower panels displaying the normalized residual 
distributions the central 1a-, 2a- and 3a-bands are marked in green, yellow and red, respectively. 
Note tha t for bins with low expected statistics due to the discrete nature of the measured spectrum 
not all colored bands are meaningful [40].
T he 40K and  42K d istrib u tio n s can  be fu rth e r sp lit in to  sm aller volum es and studied 
as an  ex tension  of th e  po tassium  track ing  analysis (as described in section 3.2) projected in  
detector space. T he add itional 40K com ponent close to  th e  array  and  th e  42K com ponent 
above th e  a rray  are sp lit in to  7 sub-com ponents on a string -by -string  basis. T he potas-
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sium  concen tra tion  is in general found to  be asym m etric  am ong th e  d e tec to r strings. In 
p articu la r, a m ore p rom inen t 42K concen tra tion  is found above th e  cen tra l string . T his is 
consisten t w ith  th e  e lec tro sta tic  d rift of 42K ions induced by th e  electric field in th e  LA r 
w hich is generated  by th e  unshielded high-voltage flat cables biased w ith  ab o u t 4 kV. T he 
40K and  42K sp atia l analysis fitting  th e  po tassium  y  lines projected in  detector space is 
p resented  in full deta il in app en d ix  A .
T he a  d is trib u tio n  is ad justed  to  best fit th e  d a ta . T he 210P o  peak  a t 5.2 M eV is 
found to  be best described by a m ix tu re  of P D F s ob ta ined  assum ing different p+  con tac t 
thicknesses confirm ing resu lts of th e  P h ase  I background analysis [14]. T he em pirical linear 
m odel w hich is used to  describe a  events w ith  degraded  energy (see section 3.2) , ex tends 
dow n to  Q aa and  below. For th e  Ml-enrBEGe d a ta  set a  events are efficiently isolated using 
pulse shape d iscrim ination  (PSD ) techniques. T he com patib ility  of th e  degraded-energy 
a  com ponent w ith  a  events identified by PSD  was checked and  is found consisten t. All 
details  ab o u t th e  a  events analysis can  be found in app en d ix  B .
Sm aller con tribu tions to  th e  background m odel in th e  full energy range are a ttr ib u te d  
to  214P b  and  214Bi from  th e  238U decay chain, 228Ac, 212Bi and  208T l from  th e  232T h  decay 
chains and  60Co. W ith  a to ta l co n trib u tio n  in th e  fit range of 10-3  c ts /k eV  for b o th  th e  
Ml-enrBEGe and  M l-enrC oax d a ta  set 234mP a  gives negligible co n trib u tio n  to  th e  sp ec tra  
and  is therefore d ropped  from  th e  full-range fit m odel. T h e  cen tra l values preferred  in th e  
full-range fit are  driven  by screening m easurem ents and  th e  spec tra l con tribu tions are  all 
fully accounted for by th e  listed hardw are com ponents. T he only exception is 214P b  and 
214Bi w here a m inor co n trib u tio n  is added  on th e  p+  co n tac t expected  from  th e  observation 
of a  events belonging to  th e  226R a decay chain.
M ost counts in th e  fit range are a ttr ib u te d  to  th e  2vPP  decay of 76Ge; in fact its 
continuous d is trib u tio n  dom inates th e  spec trum  up  to  alm ost 1.9 MeV. Here, we base th e  
2vPP half-life es tim ate  on th e  Ml-enrBEGe d a ta  set only. A n add itiona l param eter, b2v, 
param eterizes th e  observed discrepancy  to  th e  value solely derived from  th e  M l-enrC oax  
d a ta  set. T he value of b2v ex trac ted  from  th e  fit am ounts to  a surplus of 5 % of 2vPP  counts 
observed in M l-enrC oax. I t  m ainly  quantifies th e  system atic  biases betw een th e  active 
volum e d e te rm in a tio n  m ethods of th e  tw o d e tec to r types. T he enrB E G e detec to rs active 
volum e m easurem ents are affected by a sm aller system atic  u n ce rta in ty  th a n  th e  enrCoax 
de tec to rs [13, 14]. Hence, th e  ex trac ted  2vPP half-life, based on th e  Ml-enrBEGe d a ta  set 
and  given here only w ith  s ta tis tica l uncerta in ties, am ounts to  T2/2 =  (2.03 ±  0.02) ■ 1021 yr. 
A deta iled  discussion follows in section 5 .
T he background m odel describes th e  ind ividual con tribu tions to  th e  to ta l B I around 
Q aa p rio r active background suppression (see figure 5) . T he B I is defined as th e  num ber of 
counts over exposure and  energy in th e  energy window from  1930 keV to  2190 keV excluding 
th e  region around  Q aa (Q aa ±  5 keV) and  th e  intervals 2104 ±  5 keV and  2119 ±  5 keV, 
w hich correspond to  known Y lines from  208T l and  214Bi. T he values for each background 
co n trib u tio n  are given in tab le  2 . T he dom inating  background co n trib u tio n  around  Q aa in 
th e  Ml-enrBEGe d a ta  set com e from  42K. Isotopes from  th e  232T h  decay chain, a  partic les 
m ainly  w ith  degraded  energy and  isotopes from  th e  238U decay chain  co n trib u te  ab o u t 
equally. T he es tim ated  to ta l B Is ex trac ted  from  th e  m arginalized posterio r d istrib u tio n s
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F ig u re  5. Background decomposition for the M1-enrBEGe (left) and the Ml-enrCoax (right) data 
sets in the background window between 1930 keV and 2190 keV after data unblinding. The previ­
ously blinded window (Qpp ±25keV ) is indicated by two dashed lines. The background distribution 
before active background suppression in the Ovftft analysis window can be well approximated with 
a constant function. For color code see figure 4 .
con tam ination location 1 location 2 correlation
214Bi +  214 P b m ini-shrouds flat cables -0 .4 3
40k
flat cables d e tec to r holders -0 .4 5
flat cables close to  th e  a rray -0 .6 3
42k
L A r -  ou tside m ini-shrouds n+  con tac t -0 .4 2
L A r -  ou tside m ini-shrouds L A r -  above array -0 .5 6
T ab le  3. Correlations between fit components relative to  the same background contamination in 
different locations.
are 1 6 .0 4 - ° ^  (s ta t)-1 0 -3  cts/(keV -kg-yr) for th e  M l-enrBEGe d a ta  set and 14.68- 047 ( s t a t )  
10-3  cts/(keV -kg-yr) for th e  M l-enrC oax d a ta  set.
5 Discussion
In  general, im purities close to  th e  d e tec to r a rray  co n trib u te  m ost to  th e  background, far 
com ponents give m inor con tribu tions. T he posterio r d is trib u tio n  and  th e  screening m ea­
surem ents are in very good agreem ent and  th e  spec tra l con ten t of each source of background 
can  be accounted for by th e  screened hardw are com ponents. O nly in th e  case of 40K a large 
p a r t of th e  observed ac tiv ity  canno t be explained by th e  screened hardw are and  is fit w ith  
th e  add itionally  in troduced  com ponents fa r and  close to  th e  d e tec to r array. T he 42K and 
a  event d is trib u tio n s  canno t be constra ined  by screening m easurem ents and  are ad justed  
to  best fit th e  d a ta .
T he presented  background m odel is no t unam biguous in all com ponents. As shown 
in figure 3 several P D F s of th e  sam e source of background located in different s tru c tu ra l 
com ponents are very sim ilar and  th u s  prone to  correlation . M ost of th em  have been resolved 
by in troducing  p rio r d istrib u tio n s  based on th e  screening m easurem ents. However, a few 
an ti-correla tions persist w hich are listed in tab le  3 .
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For w ha t concerns 42K in th e  L A r volum e outside th e  m ini-shrouds and  th u s  m ore 
d is tan t from  th e  d e tec to r array, th e  adop ted  d is trib u tio n  is purely  em pirical. O ur prior 
knowledge is lim ited  by th e  fact th a t  th e  42K ions undergo d rift due to  th e  electrical 
fields su rround ing  th e  de tec to rs and  high-voltage cables. Also, due to  th e rm a l grad ien ts 
th ey  can  be d isplaced by convection. Hence, th e ir d is trib u tio n  inside th e  G e r d a  LA r is 
prone to  system atic  uncertain ties. T he presence of unshielded high-voltage cables above 
th e  d e tec to r a rray  can  explain  th e  excess of 42K found in th is region. From  th e  perspective 
of th e  full-range fit a m ore soph isticated  m odeling does no t significantly m odify th e  42K 
P D F s and  hence th e  fit resu lts. A p o ten tia lly  asym m etric  42K d is trib u tio n  is, thus, not 
fu rth e r followed in th e  m ain  analysis. N evertheless, some considerations can  be found 
in append ix  A . A n exp lanation  for 42K on th e  p+  con tac t being rejected  for th e  Ml-enrBEGe 
d a ta  set b u t po ten tia lly  present in th e  M l-enrC oax  d a ta  can  be th e  specific bore-hole 
geom etry  of th e  sem i-coaxial detecto rs. 42K produced  inside th e  hole canno t easily escape 
and  is trap p e d  close to  th e  p+  con tac t.
For each source of background th e  co n trib u tio n  to  th e  BI a t Q ^  p rior to  active back­
ground reduction  is listed in tab le  2 . T he s ta tis tica l uncerta in ties on th e  single con tribu tions 
to  th e  B I are generally  of th e  order of 10 % or lower, w ith  th e  exception of 42K and energy- 
degraded  a  events, for w hich th e  u n ce rta in ty  is roughly doubled. T he tw o con tribu tions are 
affected by a h igher u n ce rta in ty  because th ey  are no t bound by screening m easurem ents.
T he background event d is trib u tio n  in th e  0vfifi analysis w indow can  be well approxi­
m ated  w ith  a co n stan t function  (see figure 5) . W ith  th is  assum ption , th e  B Is ex trac ted  from 
d a ta  are 16.4-1.6 ■ 10- 3 cts/(keV -kg-yr) for Ml-enrBEGe and  1 5 .4 --6  ■ 10- 3 cts/(keV -kg-yr) 
for th e  M l-enrC oax d a ta  set. T hese values agree well w ith  th e  background m odel descrip­
tio n  presented  in section 4 . T he BIs prior to  fu rth e r analysis cu ts  and  before th e  upgrade 
of th e  G e r d a  experim ent to  P h ase  II  can  be found in reference [41]. For th e  M l-enrC oax 
d a ta  set th e  B I prior to  th e  upgrade of (18 ±  2) ■ 10- 3 cts/(keV -kg-yr) is very consistent 
w ith  th e  values presen ted  here. T he B I of th e  Ml-enrBEGe d a ta  set instead  is substan tia lly  
im proved from  a P hase  I value of 42+-0 ■ 10- 3 cts/(keV -kg-yr) to  a value w hich is a t least 
2 .5 x sm aller in P h ase  II desp ite  a significant increase of inactive hardw are m ass.5 C on tri­
b u tions to  th e  B I from  all isotopes have been im proved w ith  respect to  P h ase  I w ith  th e  
exception of background in troduced  by a  surface events. T he m ost d rastic  im provem ent 
is no tab le  for 42K for w hich th e  B I co n trib u tio n  for th e  enrB E G e detec to rs appears four 
tim es sm aller th a n  before th e  upgrade to  P hase  II.
As m entioned in section 4 , th e  ex trac ted  2vfifi half-life es tim ate  is based on th e  
Ml-enrBEGe d a ta  set only. T he add itional p a ram ete r m ainly  quantifies th e  system ­
atic  biases betw een th e  active volum e d e term in a tio n  m ethods of th e  tw o d e tec to r types. 
T he full charge collection d ep th  (FC C D ), which determ ines th e  active volum e of a de­
tec to r, was stud ied  extensively in a d e tec to r ch arac te riza tio n  cam paign  for th e  enrB E G e 
de tec to rs [12, 13]. T he estim ate  of th e  FC C D  used in th is  analysis is based on m easure­
m ents using an  241 A m  source w ith  charac te ristic  y  lines a t 60 keV, 99 keV and  103 keV.
5Note the slight difference of the M1-enrBEGe analysis data set presented here and the data set used 
for Ovfifi analysis for which the improvement in the BI is slightly higher (3x better BI). This is due to 
discarded enrBEGe data for which no PSD can be applied.
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However, th e  FC C D  was also m easured using a 60Co source w ith  charac te ristic  Y energies 
of 1173 keV and  1332 keV. T he la tte r  FC C D co is system atically  h igher (ab o u t 3% ) w ith  
respect to  th e  FCC D A m. T he discrepancy  could be explained by an  energy dependence of 
th e  in itia l charge-carrier cloud size inside th e  d e tec to r b u t th e  ac tua l im pact on th e  active 
volum e is still u nder investigation . For th e  enrC oax de tec to rs only FC C D  values determ ined  
w ith  a 60Co source are available. C onsidering th e  system atic  uncerta in ties  affecting th e  
determ ined  active 76Ge exposures of th e  Ml-enrBEGe and  M l-enrC oax d a ta  sets (1 .8%  and
5 % respectively, see tab le  1) b2v is com patib le  w ith  zero w ith in  1 a .6
Various system atic  effects have to  be considered w hen es tim atin g  th e  u n certa in ty  on 
th e  2vPP half-life T-j2/^. D ue to  th e  fact th a t  th e  aim  of th e  p ap e r is no t a precise 2vPP 
half-life m easurem ent, for m ost of th em  only a conservative evaluation  is provided. Several 
system atic  uncerta in ties  arise from  th e  M onte C arlo  sim ulation  fram ew ork. U ncertain ties 
due to  th e  G e a n t 4  m odel of partic le  in teractions and  p ropagation  were estim ated  to  be 
of th e  order of 2 % in previous publications [42, 43]. A pproxim ations in th e  im plem enta­
tio n  of th e  G e r d a  se tup  are conservatively es tim ated  w ith in  a 1 -2 %  u n ce rta in ty  range. 
T his accounts for possible spec tra l shape m odifications due to  inaccu rate  charge collection 
m odel betw een th e  n+  co n tac t layer and  th e  active d e tec to r volum e. U ncerta in ties induced 
by th e  theo re tica l m odel of 2vPP  decays im plem ented in D eoayO , as well as d a ta  acqui­
sition  and  selection m ethods are considered negligible. A 1.8%  co n trib u tio n  accounts for 
uncerta in ties in th e  enrichm ent and  active m ass fraction  d e term in a tio n  (see active 76Ge 
exposure in tab le  1) . All th e  system atic  effects considered above sum  up  to  a to ta l sys­
tem a tic  u n ce rta in ty  on T f j2 of 3 -4 % . In  to ta l th is  leads to  T-j2/^ =  (2.03 ±  0.09) ■ 1021 yr
com patib le  w ith  earlier resu lts [42, 43].
6 Conclusions
We presented  th e  background decom position of G e r d a  P h ase  II d a ta  before th e  app lication  
of active background suppression techniques using a m u ltivaria te  B ayesian fit approach  
based on single- and  tw o-detecto r d a ta  in energy and  d e tec to r space. T he m odel is able to  
well describe th e  d a ta  and  th e  resu lts are com patib le  w ith  th e  expecta tions from  m ateria l 
screening m easurem ents. T he only exception is 40K for which a h igher co n tam in atio n  is 
found, dom inan tly  in hardw are com ponents close to  th e  d e tec to r array. T his ind icates 
con tam inations in troduced  during  p roduc tion  and  m ounting  procedures different from  th e  
screened reference sam ples; in fact a few p a rts  underw ent fu rth e r processing a fte r m ateria l 
screening. A nalyzing th e  count ra tes in th e  40K and  42K high-sta tis tics  Y lines on a detec to r- 
by -detecto r basis we find ind ications for asym m etries in th e  sp a tia l d is trib u tio n  of th e  two 
p o tassium  isotopes. F urtherm ore , th e  background indices a t Q aa prior active background 
suppression techniques are given by
enrB E G e 16.04+°'85 (s ta t)  ■ 10-3  cts/(keV -kg-yr)
enrC oax 1 4 .6 8 + ^ 2  (s ta t)  ■ 10-3  cts/(keV -kg-yr)
6The systematic bias between the active volume estimates for the BEGe and coaxial detector types is a 
sub-dominant contribution in the Qvf3f3 analysis with respect to e.g. PSD uncertainties.
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and are in very good agreem ent w ith  th e  assum ption  of a flat background d is trib u tio n  in 
th is  region. In  te rm s of th e  B I th e  upgrade to  G e r d a  P hase  II  proves ex trem ely  successful. 
D espite m ajo r hardw are changes and  higher inactive m ass close to  th e  de tec to rs, th e  BI 
before apply ing  active background reduction  rem ains unchanged for th e  enrC oax detec to rs 
and  is im proved by a fac to r of th ree  for th e  enrB E G e detectors.
A careful background m odel is essential in o rder to  sep ara te  th e  tw o-neu trino  double­
b e ta  decay events from  th e  o th er background com ponents. We expect to  substan tia lly  
im prove th e  precision of th e  T-jy2 m easurem ent a fte r applying th e  LA r veto  cu t. In  th is 
m anner, th e  signal to  background ra tio  in th e  2vPP  energy region is im proved by ab o u t 
an  order of m agn itude [7 , 8]. F u rtherm ore , th is  allows precision studies of th e  shape of 
th e  2vPP  spec trum  and  hence to  te s t physics m odels beyond th e  S tan d ard  M odel such as 
0vfifi decay w ith  M ajoron  em ission and  L orentz sym m etry  v io lation  effects [43, 44].
T he localization of im purities m akes th e  exchange of p articu la rly  co n tam in ated  com po­
nents possible in upgrade works and  th u s  th e  background can  be p o ten tia lly  lowered even 
fu rth er. M oreover, it is im p o rtan t to  learn  w ha t are th e  m ost im p o rtan t sources of back­
ground in o rder to  im prove handling  and  cleaning procedures as well as m ateria l selection. 
For fu tu re  experim ents like th e  Large Enriched  G erm anium  E xperim en t for N eutrinoless 
PP D ecay (L e g e n d )  [45], which aim s to  cover th e  p aram ete r space of inverted  n eu trino  
m ass hierarchy, background reduction  is th e  m ost crucial step  in achieving th e  necessary 
sensitivity. T he goal is to  achieve a background index one order of m agn itude lower th an  
G e r d a  P h ase  II.
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A Potassium  tracking  analysis
T he tw o full-energy lines of 40K and  42K a t 1461 keV and  1525 keV are d is tin c t features of 
th e  energy spec trum  shown in figure 2 . Being a relevant source of background for double­
b e ta  decay, th e  tw o po tassium  isotopes play a crucial role in th e  background m odeling 
process in G e r d a . U ncerta in ties in th e ir origin and  d is trib u tio n  p ro p ag ate  d irec tly  to  
searches for exotic physics like M ajorons, L orentz invariance-violating processes or decay
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m odes to  excited  s ta tes  of decay in w hich th e  shape of th e  decay spec trum  is 
a unique featu re  and  th u s need to  be well understood .
In itia l observations in P h ase  II have shown th a t  th e  40K and  42K full-energy line 
in tensities have increased by a fac to r of 4 and  2, respectively, in th e  sing le-detector d a ta  
com pared  to  P h ase  I [46]. T he 42K increase in ac tiv ity  can  be a ttr ib u te d  to  th e  exchange of 
th e  m ini-shrouds m ateria l from  copper to  nylon 7 du ring  th e  P h ase  II upgrade: th e  electric 
field generated  by th e  detec to rs  bias high voltage is no t screened by th e  conductive m ateria l 
anym ore. T he 42K ions can  be a ttra c te d  from  a larger L A r volum e in to  th e  v icin ity  of th e  
detec to rs. M oreover, th e  unshielded high-voltage cables could be an  exp lana tion  for th e  
h igher ra te  of 42K events seen in th e  u pperm ost de tec to rs in th e  G e r d a  array. T he higher 
40K event ra te , on th e  o th er hand , is possibly a ttr ib u ta b le  to  th e  glue used for th e  nylon 
m ini-shrouds and  o th e r new m ateria ls in troduced  w ith  th e  L A r veto system . T he exact 
am ount, location  and  rad io -pu rity  of th e  glue is no t precisely known. All changes to  th e  
se tup  th a t  have been m ade during  th e  upgrade to  P h ase  II  are described and  m otivated  in 
exhaustive deta il in reference [5].
In  th e  following sections we focus on th e  charac teristics of th e  events co n stitu tin g  th e  
tw o po tassium  lines. In  o rder to  ex trac t in form ation  ab o u t th e  spatia l d is trib u tio n  of 40K 
and  42K co n tam in atio n  around  th e  G e r d a  array, a tre a tm e n t on a d e tec to r-by -de tecto r 
basis is advantageous. T he tw o 7  lines con tain  enough s ta tis tic s  for such an  analysis to  be 
m eaningful and  co n stitu te  sam ples w ith  a high signal to  background ra tio .
A .1  D a ta
Tw o windows around  th e  po tassium  7  lines are p ro jec ted  in d e tec to r index space, such th a t, 
for sing le-detector d a ta , each d a ta  po in t u i represen ts th e  to ta l counts in d e tec to r i in th e  
respective energy window. For tw o-detecto r d a ta  th e  d e tec to r space is tw o-dim ensional, 
and  each d a ta  po in t u ij  represents th e  num ber of events for w hich energy is deposited  in 
d e tec to r i and  d e tec to r j .
T he events in th e  po tassium  lines (denoted w ith  K40 and  K42 in th e  following) are 
selected in a ± 3 a  energy in terval a round  th e  respective line, rounded  up  to  an  integer 
num ber of keV to  m atch  th e  specific energy windows in th e  energy d istrib u tio n s  w ith  1 keV 
binning. a  is th e  energy reso lu tion  in th e  respective energy window. A dditionally , th ree  
side-bands (SB1, SB2 and  SB3 in th e  following) are used to  es tim ate  th e  con tinuum  below 
and  above th e  7  lines. C onsidering th e  fu rth e r subdivision in single- (M l-) and  tw o-detecto r 
(M2- )  d a ta , th is  leads to  th e  definition of 5 x 2 energy regions, sum m arized in tab le  4 . A 
visual rep resen ta tion  of th e  selected windows can be found in figure 6 . We use th e  P D F s 
respective to  214Bi on th e  flat cables and  d e tec to r in trinsic  decays to  es tim ate  the
background. O th e r com ponents are expected  to  co n trib u te  less in th e  respective energy 
windows.
7The exchange of material from copper to transparent nylon was necessary in order to properly propagate 
the LAr scintillation light from inside the mini-shrouds to the light detectors.
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M1- [keV] cts. M2- [keV] cts.
K40 [1457,1465] 4472 [1455, 1467] 554
K42 [1521,1529] 6718 [1519, 1531] 865
SB1 [1405,1450] 1852 [1405, 1450] 452
SB2 [1470,1515] 1124 [1470, 1515] 326
SB3 [1535,1580] 533 [1535, 1580] 41
T ab le  4. Energy ranges and corresponding number of events for the potassium tracking analysis 
(visualized in figure 6) . Note th a t the windows for two-detector data are larger as the two single­
detector energy resolutions are folded in the summed energy spectrum.
F ig u re  6. Visual representation of the five energy ranges defined for the potassium tracking 
analysis. The exact intervals and counts are given in table 4 .
A.2 Analysis
T he s ta tis tica l approach  of factorizing th e  likelihood is described in section 3 .2 . T he p art 
of th e  likelihood we are analyzing here runs sim ultaneously  on th e  5 x 2 energy ranges 
p resented  above. Following th e  nam ing  convention in troduced  in section 3 it reads:
w here th e  index i runs over th e  bins (i.e. detec to rs) and  th e  index d over th e  5 energy 
windows considered, nam ely th e  th ree  side-bands SB1, SB2, SB3 and  th e  tw o line-bands 
K40 and  K42. T he M2- d a ta  sets are tw o-dim ensional in d e tec to r space and  ru n  over th e  
tw o indices j  and  k.
G aussian  prior p robab ility  d is trib u tio n s  for th e  40K ac tiv ity  are bu ilt from  rad io -purity  
screening m easurem ents (see reference [5] section 5). For 42K, for which no screening 
in form ation  is available, uniform  priors are adop ted , w ith  th e  exception of th e  tw o 42K 
com ponents located  on th e  n+  con tac t surface of enrB E G e and  enrC oax detecto rs. 42K can 
be a ttra c te d  to  th e  n+  surface by th e  electrical field c reated  by th e  high voltage po ten tia l 
applied  to  th e  detec to rs. B o th  com ponents are  expected  to  be corre la ted  by th e  volum e 
ra tio  of th e  m ini-shrouds (3:2 enrB E G e to  enrCoax) th e  42K ions are a ttra c te d  from. T he 
volum e ra tio  es tim ate  is ex trac ted  from  th e  geom etric im plem entation  in M a G e . We
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assum e an  u n ce rta in ty  of 0.1 m B q on e ith er ac tiv ity  allowing for a change of th e ir  ra tio . 
T he correlation  is included in th e  fit v ia a tw o-dim ensional prior.
T he analysis flow s ta r ts  w ith  a co nstruc tion  of a first, p re lim inary  m odel, w hich con­
sists only of background con tribu tions th a t  are expected  from  screening m easurem ents of 
40K and  know n properties of 42K. T he resu lting  m odel, however, gives a non-satisfacto ry  
descrip tion  of d a ta  and  th e  posterio r d is trib u tio n s for th e  40K com ponents are  significantly 
shifted  to  h igher values w ith  respect to  th e  p rior d istribu tions, ind icating  a surplus of 40K.
To find a b e tte r  agreem ent w ith  physics d a ta  while keeping th e  m odel as sim ple as 
possible, add itional com ponents using uniform  priors are included one a t a tim e in th e  
fittin g  procedure, and  th e  Bayes facto r is ca lcu lated  betw een th e  ex tended  and  th e  prelim ­
inary  m odel. T he m odel is itera tively  u p d a ted  by adding  th e  com ponent th a t  resu lts in 
th e  highest Bayes facto r un til no Bayes facto r is larger th a n  10.
In  a first ite ra tio n  a replica of th e  P D F  of 40K in th e  m ini-shrouds is added  ob ta in ing  
a Bayes facto r »  10. 40K in th e  T etra tex ® -co ated  copper shrouds is added  in a second 
ite ra tio n  w ith  a Bayes facto r of 11. For 42K th e  only add itional com ponent th a t  resu lts in 
a Bayes facto r g rea te r th a n  1 is 42K on th e  n+ d e tec to r con tac ts. A lthough th e  fit shows 
only a slight preference (Bayes facto r of 2) th e  com ponent is added  to  th e  m odel because 
of its im portance in th e  full-range fit, w here th e  energy region above th e  1525 keV 7  line 
is also considered.
T he resu lts of th e  base m odel are shown in tab le  5 and  a graphic rep resen ta tion  showing 
th e  counts p er d e tec to r in b o th  po tassium  7  lines in M l- and  M 2-data can  be found in 
figure 7 . T he analysis yields a p-value of ~  0.07, ind icating  an  accep tab le descrip tion  
of th e  d a ta . To fu rth e r im prove th e  m odel ro ta tio n a lly  asym m etric  fit com ponents are 
needed. T he base m odel is accu ra te  enough to  be used as in p u t for th e  full-range fit, which 
is insensitive to  any ro ta tio n a l inhom ogeneity  of th e  location  of background sources, as 
sp ec tra  from  different detec to rs are  m erged in to  a single d a ta  set.
T he tw o com ponents 40 K  close to the array and  42 K  in  L A r  -  above the array are split 
in to  7 sub-com ponents on a string-by-string  basis (for th e  respective P D F s see ap pend ix  C ) . 
F urtherm ore , we consider a 40K co n tam in atio n  on to p  of th e  cen tra l m ini-shroud.
T he resu lts of th is  ex tended  analysis are listed in tab le  6 . A n elevated 42K concen­
tra tio n  is found above th e  cen tra l string  while a lower concen tra tion  is observed above th e  
ad jacen t strings S1 and  S6 (s tring  num bers follow th e  nom encla tu re  used in figure 8) . D ue 
to  th e  large num ber of com ponents th e  fit yields a high an ti-co rre la tion  betw een th e  42K 
concen tra tion  above th e  o u te r strings and  S7. T his resu lts in a high u n certa in ty  on th e  
la t te r  fit p aram eter.
T he screening m easurem ents do no t account for all observed 40K. In  general IC P-M S 
screening of th e  m ini-shrouds w ith  respect to  40K is difficult and  yielded only a lower 
lim it. D ifferent m easurem ents seem to  ind icate  different con tam ination  levels of different 
m ini-shrouds. Sam ples of glued nylon yielded th e  highest po tassium  con tam ination . As 
th e  gluing of th e  nylon m ini-shrouds is done m anually  during  in sta lla tio n  th e  am ount 
of glue and  its  exact location is hard  to  control. Hence, an  asym m etric  d is trib u tio n  is 
expected. T h e  40K con ten t of o th er close com ponents like holders and  cables m ight also be 
asym m etric. T he asym m etric  40K co n tam in atio n  is confirm ed by th e  ex tended  potassium
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F ig u re  7. Decomposition of the energy windows corresponding to the two potassium lines in detec­
tor space: single-detector data (top) one-dimensional representation of two-detector data (bottom). 
Some components are merged for visualization purposes: in the K40 plots combined components are 
shown for 42K and 214Bi, while 40K sources are grouped in close (flat cables, holders, mini-shrouds) 
and far (fibers, SiPMs, copper shrouds, front-end electronics) locations from the detector array. To 
visualize the two-detector data the sum of the projections on the two domain axes (index i and 
index j ) is shown.
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source [ p r io r ]  location un its
global
m ode
m arg.
m ode
6 8% C.I. or 
90%  u p p er C.L.
[g] flat cables 3.29 3.25 [1.79, 4.72]
[g] fron t-end  electronics 15.7 15.9 [1 1 .1 , 20.1]
[g] copper shrouds^ 18.4 18.1 [16.6, 20.0]
[g] fiber shroud 2.82 2.81 [2.24, 3.38]
40 K [g] d e tec to r holders m Bq 1.73 1.73 [1.28, 2.14]
[g] m ini-shrouds 1.70 1.70 [1.60,1.80]
[g] S iPM  ring 2.50 2.73 [0.83, 4.13]
[f ]  far from  th e  array 328 322 [232, 416]
[f ]  close to  th e  array 10.8 10.8 [9.53,12.1]
[ f ]  n+ (BEG e) 0 0 <  0.37
42k
[ f ]  n+ (Coax)
m Bq
0.22 0.24 [0.12, 0.38]
[f ]  L A r -  above array 450 454 [436, 470]
[f ]  L A r -  ou tside m ini-shrouds 2036 2009 [1915, 2080]
214Bi [g] flat cables m Bq 1.51 1.26 [0.93,1.51]
2 v p p [ f ]  germ anium 1021yr 1.91 1.93 [1 .86, 2.00]
 ̂ Tetratex1®-coated.
T ab le  5. Summary of the fit parameters estimated with the potassium source tracking analysis 
(base model). The type of prior distribution is indicated with [ f ] : flat, [g ] : Gaussian.
F ig u re  8. Detector string configuration in the G e rd a  array. Names prefixed with GD refer to 
detectors of enrBEGe type whereas ANG and RG refer to enrCoax detectors. The three natural 
coaxial detectors (prefixed with GTF) which are located in the central string S7 are not used in this 
analysis.
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source [ p r io r ]  location un its
global
m ode
m arg.
m ode
6 8% C.I. or 
90%  u p p er C.L.
[g ] flat cables 2.33 1.08 [0.13, 2.30]
[g ] front-end  electronics 14.5 14.4 [10.2,18.7]
[g ] copper shrouds^ 18.4 18.5 [16.6, 20.0]
[g ] fiber shroud 2.83 2.77 [2.24, 3.38]
[g ] d e tec to r holders 2.57 2.29 [1.75, 2.78]
[g] m ini-shrouds 1.70 1.70 [1.60,1.79]
[f ] close to  S1 0.81 0.83 [0.47,1.28]
40 K
[f ]
[f ]
close to  S2 
close to  S3
m Bq
2.35
0
2.22
0
[1.83, 2.51] 
<  0.50
[f ] close to  S4 2.58 2.55 [2.10, 3.02]
[f ] close to  S5 0.97 0.85 [0.56,1.16]
[f ] close to  S6 1.86 1.89 [1.46, 2.30]
[f ] close to  S7 0 0 <  2.92
[f ] S7 m ini-shroud (top) 2.09 1.83 [1.26, 2.40]
[g] SiPM  ring 2.44 2.32 [0.83, 4.02]
[f ] far from  th e  a rray 390 374 [280, 468]
[f ] n+ (BEG e) 0.15 0.19 [0.05, 0.37]
[f ] n+ (Coax) 0.22 0.26 [0.12, 0.41]
[f ] L A r -  above S 1 0 0 <  0.80
[f ] L A r -  above S2 2.22 2.96 [2.21, 3.63]
42k
[f ]
[f ]
L A r -  above S3 
L A r -  above S4
m Bq
1.20
1.43
1.57
1.89
[1.06, 2.16] 
[1.33, 2.41]
[f ] L A r -  above S5 1.49 1.91 [1.38, 2.73]
[f ] L A r -  above S6 0 0 <  1.21
[f ] L A r -  above S7 10.4 7.84 [4.95, 9.83]
[f ] L A r -  ou tside m ini-shrouds 2083 2058 [1960, 2145]
214Bi [g] flat cables m Bq 1.60 1.41 [1.14,1.66]
2 v p p [f ] germ anium 1021yr 1.89 1.89 [1.83,1.97]
4 Tetratex1®-coated.
T ab le  6 . Summary of the fit parameters estimated with the potassium source tracking analysis 
(extended model). The type of prior distribution is indicated with [ f ] : flat, [g ] : Gaussian.
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track ing  analysis. Also, an  add itional 40K d is trib u tio n  on th e  top-lid  of th e  cen tra l m ini­
shroud is preferred . T he surplus far 40K com ponent in stead  is possibly explained by se tup  
p a rts  o m itted  in th e  m odel like th e  P M T s and  voltage-dividers of th e  L A r veto system . 
A n u p p er lim it of th e ir  40K conten t, <  330 m Bq, was es tim ated  from  m ateria l screening 
w hich is sim ilar to  th e  ac tiv ity  reconstructed  for th e  far 40K com ponent. T he location 
of th e  P M T s w ith  respect to  th e  d e tec to r a rray  is very sim ilar to  th e  T etra tex ® -co ated  
copper-shrouds and  th e ir  P D F s are, hence, degenerate .
B a  events background analysis
Above an  energy of 3.5 M eV alm ost all registered events are due to  a  em ittin g  isotopes. 
T he respective p a r t of th e  full likelihood can  be approx im ate ly  factorized and  studied  
separately. a  partic les have a very sho rt range in LA r as well as in germ anium  (continuous 
slowing down approx im ation , CSDA, range of 50 |j.m and  20 ^m , respectively [47]) and 
are able to  reach a d e tec to r’s active volum e only th ro u g h  th e  very th in  (of th e  o rder of 
500 nm ) p+ con tac t surface. Therefore, th e  a  e m itte r  co n tam in atio n  is detector-specific 
and  depends only on th e  p+  surface con tam inations. Therefore, we analyze th e  enrB E G e 
and  enrC oax d e tec to r d a ta  separate ly  in energy space; th e  p ro jec tion  in d e tec to r space 
bares no correlation  betw een de tec to rs and  hence contains no fu rth e r useful inform ation. 
T he num ber of events in a single d e tec to r is no t sufficient to  fu rth e r split th e  d a ta  on a 
de tec to r-b y -d e tec to r basis. T he tw o d a ta  sets are uncorre la ted  and  th e  s ta tis tica l analysis 
can  be carried  o u t for each sing le-detector d a ta  set separately. In  th e  tw o-detecto r d a ta  
th e  a  com ponent is no t observed due to  th e  sho rt range of these partic les.
All con tam inations found are co n stitu en ts  of th e  238U decay chain. T he m ain  surface 
co n tam in atio n  observed is 210Po w hich occurs e ith er as an  incident con tam ination  and 
decays in tim e w ith  a half-life of 138.3763(17) days [48] or is fed by a con tam ination  w ith  
210P b  w ith  a s tab le  ra te  in tim e. T h e  spec tra l form  is identical for b o th  cases and  can  only 
be d isen tangled  by analyzing th e  a  ra te  in tim e (see section B .1) .
Above th e  210Po peak very few events are observed. In  th e  M l-enrBEGe d a ta  set we 
find only four events w ith  an  energy larger th a n  5.3 MeV, while in th e  M l-enrC oax  d a ta  
set 22 such events are observed, 14 of w hich in a single d e tec to r ANG2 (see tab le  7) . These 
events are due to  a  decays from  222R n  and  subsequent isotopes on th e  p+  d e tec to r surfaces. 
ANG2 also shows a h igher 226R a (m other nucleus of 222R n) co n tam in atio n  w hich suggests 
d om inan tly  a surface con tam ination  w ith  226R a  ra th e r  th a n  222R n  dissolved in th e  LAr. In 
th e  la t te r  case th e  decay chain would be broken as only th e  gaseous 222R n  em anates from 
th e  construc tion  m ateria ls in to  th e  LAr. T he num ber of counts is to o  low to  d istinguish  
th e  spec tra l shape above 5.3 M eV and  d isentangle a surface co n tam in atio n  w ith  226R a  from 
222R n  dissolved in LA r. A com parison betw een th e  counts observed above 5.3 M eV and  the  
214Bi 609 keV y  line suggests th a t  a  events due to  a dissolved 222R n  co n tam in atio n  would 
no t produce observable counts in said energy region. A ssum ing th a t  all 214Bi observed 
comes from  dissolved 222R n leads, in fact, to  a specific ac tiv ity  sm aller th a n  10 |rB q /kg . 
Hence, in th e  following, we will only consider a p+  surface con tam ination  w ith  226R a and
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d a ta  set d e tec to r channel 226R a-chain  [cts]
GD61C 16 1
Ml-enrBEGe GD79B 32 1
GD89A 35 2
ANG1 36 2
ANG2 27 14
M l-enrC oax
ANG3 10 1
ANG4 29 1
ANG5 8 2
RG1 9 2
T ab le  7. Observed number of counts with energy > 5.3 MeV belonging to the 226Ra decay chain. 
Detectors with zero counts are not listed.
all subsequent isotopes to  w hich we refer as th e  226R a  decay chain. T he 210Po and  226R a 
con tam inations are no t necessarily spatia lly  correlated .
D ue to  th e  very sho rt range of a  partic les th e  energy spectrum  of a  decays exhib its a 
line w ith  a pronounced low-energy ta il. T he ta il is form ed w hen th e  decay occurs under 
an  incident angle w ith  respect to  th e  con tac t and  th e  a  partic le  loses p a r t of its energy 
before reaching th e  detec to rs active volum e. T he m axim um  is shifted w ith  respect to  th e  
full em ission energy which is due to  energy loss inside th e  electrode and  depends on its 
m inim al thickness. T he detec to rs have slightly  different con tac t thicknesses, also, th e  p+  
co n tac t of a single d e tec to r m ay in trinsically  be inhom ogeneous. Therefore, we m odel 
th e  210P o  peak  w ith  a m ix tu re  of P D F s ob ta ined  from  sim ulations w ith  different con tac t 
thicknesses. D ue to  th e  low num ber of counts observed in th e  226R a  chain it is sufficient 
to  m odel th is  com ponent w ith  only one P D F . F urtherm ore , th e  isotope con tam ination  
is assum ed to  halve a t each decay step . A  reduction  effect of th e  subsequent a  decays 
in th e  222R n chain  had  been observed in P h ase  I  and  a ttr ib u te d  to  possible recoil off the  
surface in to  th e  LA r [14]. We ad o p t th is  exp lana tion  in our m odel a lthough  we no te  th a t 
th e  num ber of events observed w ith  an  energy >5 .3  M eV is no t sufficient to  confirm  th e  
previously observed reduction  effect. F u rth e r details ab o u t th e  co nstruc tion  of th e  P D F s 
are given in append ix  C .
D edicated  m easurem ents [49] have shown th a t  events o rig inating  in th e  co n tac t sepa­
ra tin g  groove are p a rtly  reconstructed  w ith  degraded  energy. A sim ulation-based  m odel of 
these energy-degraded events is no t available yet. We approx im ate  th is  com ponent w ith  
an  em pirical linear d is trib u tio n  tru n ca ted  below th e  m axim um  of th e  210P o  peak. Such a 
com ponent accom m odates also eventual a  decays in th e  L A r in very close v icin ity  to  th e  
p+ d e tec to r surface. However, th e  num ber of events found w ith  an  energy > 5 .3  M eV is too  
low to  fully account for th e  linearly  m odeled d istribu tion .
T he likelihood function  for m odeling th e  high-energy region dom inated  by a  decays 
runs only on single-detector d a ta , nam ely M1-enrBEGe and  M l-enrC oax separately, in a
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F ig u re  9. Fit results of the a  events background analysis for M1-enrBEGe (top) and Ml-enrCoax 
(bottom). The last bin contains all events above 5250keV.
range from  3.5 M eV to  5.25 MeV. E vents w ith  an  energy higher th a n  5.25 M eV are p u t in 
a single overflow bin:
Nbins
L a  (Ai, . . . , \ m | n) =  I I  p o is(nd  V ) (B.1)
i= 1
A flat p rior p robab ility  is assigned to  each of th e  fit p aram eters  Ai . B o th  d a ta  sets are fit 
separate ly  w ith  a fixed bin size of 10 keV 8 as th e  a  con tam ination  is d e tec to r ind ividual 
and  th e  tw o single-detector d a ta  sets are uncorre la ted  in th e  respective energy window.
T he fit resu lts are shown in figure 9 and  listed in tab le  8. T he 210P o  com ponent is m od­
eled w ith  a com bination  of p+ co n tac t thicknesses from  400 to  600 nm  for th e  Ml-enrBEGe 
d a ta  set and  from  300 to  700 nm  for th e  M l-enrC oax  d a ta  set in steps of 100 nm . F u rth e r 
210P o  com ponents are rejected  by a Bayes fac to r analysis. Im purities  belonging to  the  
226R a chain are m ostly  located  on ANG2 and  th u s  a fit of th e  M l-enrC oax d a ta  set using a 
single p+ th ickness describes th is  com ponent well. For th e  M l-enrBEGe d a ta  set we observe 
a very sm all num ber of counts for th e  226R a chain, therefore, also in th is  case a single com-
8The calibration curves are accurate on the sub-keV level up to the highest 7 energy of about 2.6 MeV 
emitted by the 228Th calibration sources. Although no major non-linearity effects were found the same 
accuracy cannot be guaranteed at 6 MeV. Deviations from linearity at this energy are within 10 keV, hence, 
we increase the bin size in the higher energy range.
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d a ta  set com ponent
con tac t
[nm]
global m ode 
[cts]
m arg. m ode 
6 8 % C.I. [cts]
400 49 50 [34, 76]
210Po 500 162 165 [107, 222]
600 346 342 [278, 391]
Ml-enrBEGe
comb. - 555 [523, 586]
226R a  chain 500 20 20 [15, 29]
energy-degraded - - 845 [698, 948]
300 167 165 [140, 208]
400 363 368 [272, 430]
210Po 500 182 175 [83, 338]
600 433 420 [233, 582]
M l-enrC oax
700 404 410 [295, 537]
comb. - 1555 [1511,1609]
226R a  chain 100 58 59 [49, 70]
energy-degraded - - 485 [426, 599]
T ab le  8 . Fit results of the a  events background analysis for the M1-enrBEGe and Ml-enrCoax data 
sets. Values are given in counts in the full PDF range from 40 keV to 8000 keV.
ponen t is sufficient. We d eterm ine a best-fit value of 100 nm  and 500 nm , respectively. T he 
es tim ated  p-value for Ml-enrBEGe is 0.2 w hereas th e  p -value for M l-enrC oax is 0.3. T he 
d om inan t spec tra l com ponent below 4.5 M eV is due to  degraded  a  events which ex tends 
dow n to  th e  ROI.
B .1  T im e  d i s t r i b u t i o n  o f  a  e v e n ts
T he tim e d is trib u tio n  of 210P o  decays is well know n to  be exponentia l, however, in th e  
presence of a 210P b  con tam ination  a co n stan t co n trib u tio n  can  also be observed. 210P b, 
decaying to  210Po, feeds a co n stan t 210P o  com ponent once th e ir  decay ra tes stabilize in 
a secular equilibrium . To disen tangle th e  tw o we fit th e  tim e d is trib u tio n  of events w ith  
energies betw een 3.5 M eV and  5.25 M eV w ith  a co n stan t C  and  an  exponentia l function:
f  (i) =  C  +  N  exp ( - T g 2 ^
w here T 1/2 =  (138.4 ±  0.2) days is th e  half-life of 210Po. We use a Poisson likelihood 
function  corrected  for d a ta  acquisition  dead  tim e [50] and  m odel th e  tim e bin con ten t as 
follows
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F ig u re  10. a  events time distribution in [3500, 5250] keV with a binning of 20 days for 27 enrBEGe 
(top) and 7 enrCoax (bottom) detectors.
C  and  N  are th e  am plitudes of th e  co n stan t and  th e  exponentia lly  decaying com ponents 
and  are th e  only tw o free fit p aram eters . / LT is th e  live-tim e fraction  in tim e-b in  i w hich 
is es tim ated  from  in jected  te s t pulser events, St is th e  tim e-b in  w id th  and  t  =  T 1/ 2/ lo g  2.
T h e  log-likelihood can  be w ritten  as a sum :
Nbins
log L a me(C, N  | n) =  ^  Hi ■ log Vi -  Vi -  log n !
i=1
We select only detec to rs th a t  were ON or in anti-coincidence m ode9 in th e  full d a ta  tak ing  
period. In  th is  way we avoid bias due to  selection or deselection of p articu la rly  con tam i­
n a ted  detecto rs. F u rtherm ore , we exclude th e  in itia l d a ta - tak in g  period  betw een D ecem ber 
2015 to  Jan u a ry  2016 from  th e  following analysis because of d e tec to r instab ilities a fte r th e  
P h ase  II  upgrade works. T he analyzed d a ta  span  from  25th Jan u a ry  2016 to  3rd April 2018 
and  are split in to  tw o d a ta  sets according to  d e tec to r type, con tain ing  27 enrB E G e and  7 
enrC oax detecto rs. T he fit resu lts are  shown in figure 10 and  listed in tab le  9 . For th e  
enrB E G e d a ta  set we find th a t  ab o u t half of th e  in itia l con tam ination  decays exponentially  
while for th e  enrC oax d a ta  set th e  ra tio  of N  to  C  is ab o u t 5 to  1. A fter several 210Po 
half-lives we expect a s tab le  ra te  of ~  1 a /d a y  in e ith er d a ta  set.
9Detectors in anti-coincidence are not well energy-calibrated and generally discarded in data analysis. 
Here, we are not interested in the precise energy of an event because the selected energy window is large 
with respect to a possible miscalibration.
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p aram ete r d a ta units global m ode
m arg. m ode 
6 8 % C.I.
C
enrB E G e
enrCoax
c ts /d a y
1.06
1.09
1.05 [1.00,1.12] 
1.09 [1.02,1.16]
N
enrB E G e
enrCoax
c ts /d a y
1.32
5.71
1.33 [1.13,1.53] 
5.70 [5.42, 6.01]
T ab le  9. Results of the a  events time distribution analysis in [3500, 5250] keV with a binning of 
20 days for 27 enrBEGe and 7 enrCoax detectors.
C M onte Carlo sim ulations and probability  density functions
B ackground com ponents th a t  were identified in th e  energy sp ec tra  (see section 2) or in 
rad io -p u rity  screening m easurem ents [5] are sim ulated  using th e  M a G e  softw are [18] based 
on G e a n t 4 [19- 21].
T he G e r d a  P hase  II detec to rs, th e ir arrangem en t in seven strings as well as th e  
L A r in stru m en ta tio n  are im plem ented in to  M a G e . A graph ic rendering  of th e  relevant 
im plem ented hardw are com ponents is p resen ted  in figure 1 .
S im ulations of rad ioactive con tam inations in th e  following hardw are com ponents are 
perform ed: in th e  bulk  and  on th e  p+  and  n+  surfaces of th e  germ anium  detec to rs, in th e  
LA r, d e tec to r holder bars and  plates, nylon m ini-shrouds, L A r veto  system  (i.e. th e  fiber 
shroud, SiPM s, copper shrouds and  photom ultip liers) and  in th e  signal and  high-voltage 
flexible flat cables. T he p rim ary  spec trum  of th e  tw o electrons em itted  in th e  2v@P decay is 
sam pled according to  th e  d is trib u tio n  given in reference [22] im plem ented in D eoayO  [23]. 
N ote th a t  th e  th ickness of th e  d e tec to r assem bly com ponents are significantly sm aller th a n  
th e  m ean free p a th  of th e  relevant sim ulated  7  partic les in th e  given m ateria l, thus, no 
significant difference can  be expected  betw een th e  resu lting  sp ec tra  of bulk  and  surface 
con tam inations. T he detec to rs n+  con tac t thicknesses are im plem ented according to  th e  
values rep o rted  in references [13, 14].
T he 42K decays (except for surface con tam inations) are sim ulated  hom ogeneously 
d is trib u ted  in th e  relevant L A r volum e. T he following L A r volum es are chosen for th e  
background m odel: th e  first is a cylinder cen tered  on th e  d e tec to r a rray  (h  =  250 cm, 
r  =  100 cm, sim ply referred to  as “hom ogeneous” or abb rev ia ted  to  “hom .” in th e  follow­
ing) subsequently  d ivided in to  th e  volum e enclosed by th e  m ini-shrouds and  th e  rem aining 
one (outside th e  m ini-shrouds); th e  second is a cylinder (h  =  100cm, r  =  25cm ) positioned 
ju s t above th e  a rray  and  th e  rem aining seven are sm aller cylinders (h  =  20cm , r  =  5 cm ), 
each one positioned ju s t above each of th e  seven d e tec to r strings.
O n to p  of th e  M a G e  sim ulations a post-processing step  is perform ed to  com pute  th e  
P ro b ab ility  D ensity  F unctions (P D F s) used to  m odel th e  G e r d a  d a ta  in th e  s ta tis tica l 
analysis. T his includes folding in run -tim e dependen t in form ation, i.e. th e  d e tec to r s ta tu s  
in each physics run, th e  finite energy resolution and  th resho ld  of each detec to r. All P D F s 
presen ted  in th e  following are com puted  using th e  run -tim e p aram eters  of th e  d a ta  sets
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(a ) a  decays from the 226 Ra decay sub-chain 
(226Ra, 222Rn, 218Po and 214Po) on the detec­
tors p+ contact surface for different depths of 
the inactive contact layer. The isotope contam­
ination is assumed to halve at each decay step, 
because of the recoil of the nuclei in LAr.
(b) 214Pb and 214Bi (238U chain) contamina­
tions far from (fiber-shroud) and close to (mini­
shrouds) the detector array. A variable binning 
is adopted for visualization purposes.
F ig u re  11. PDFs in the full energy domain. All PDFs are normalized to the number of simulated 
primary decays.
described in section 2 . A selection of th e  P D F s p ro jec ted  in energy space and  norm alized 
to  th e  num ber of sim ulated  p rim ary  decays, are displayed in figure 3 and  figure 11.
For th e  po tassium  track ing  analysis P D F s b inned in d e tec to r space are used to  m odel 
th e  d a ta . T he ro ta tio n ally  sym m etric  sing le-detector P D F s for th e  40K and  42K energy 
windows are shown in figure 3f and  figure 12a. For tw o-detecto r events th e  sam e represen­
ta tio n  style as in figure 7 is used: p ro jections of th e  tw o-dim ensional h istogram s on th e ir 
axis are sum m ed, such th a t  each tw o-detecto r event en ters th e  final h istogram  twice, in th e  
tw o bins associated  to  th e  respective de tec to rs. T hey  can  be found in figure 12 to g eth er 
w ith  th e  sing le-detector P D F s of th e  ro ta tio n ally  asym m etric  com ponents.
C om m on featu res can  be noticed across th e  m u ltitu d e  of h istogram  shapes. T he event 
ra te  in sing le-detector d a ta  is generally  higher in coaxial detecto rs, due to  th e ir  larger m ass 
com pared  to  B E G e detec to rs —  m axim al correlation  betw een event ra te  and  detector-by- 
d e tec to r exposure can be found in th e  P D F  in figure 3f. T his featu re  is generally  lost 
in th e  tw o-detecto r d a ta : th e  coaxial de tec to rs larger volum e allows to  stop  m ore efficiently 
Y partic les th a t  would otherw ise escape and  eventually  deposit energy in a second detec to r. 
O th er sim ilarities betw een different P D F s can  be a ttr ib u te d  to  detec to rs live-tim es, like 
in th e  case of GD91C, which was inactive for a large fraction  of th e  P h ase  II exposure and 
th u s generally  registers a low num ber of counts. T he effects of asym m etrica lly  d is trib u ted  
background con tam inations are easily recognizable in th e  shape of th e  P D F s. Im purities 
located  above th e  d e tec to r a rray  are m ostly  seen by th e  u p p er m ost detec to rs in each 
s tring  as can  be seen for 40K in th e  front-end  electronics in figure 12a and  in figure 12c and 
for 42K above each m ini-shroud (see figure 12e and  figure 12d) . R o ta tio n a lly  asym m etric 
com ponents are m ostly  evident in a single string , see for exam ple 40K in single m ini-shrouds 
in figure 12b and figure 12d .
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F ig u re  12. PDFs binned in detector space for the potassium tracking analysis. All PDFs are 
normalized to the number of simulated primary decays.
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All a  decays in th e  226R a to  210P b  sub-chain  and  from  210P o  are sim ulated  on th e  p+ 
d e tec to r surface separate ly  and  for different thicknesses of th e  p+  electrode. T he 226R a 
chain  is sim ulated  to g e th er u nder th e  assum ption  th a t  in each a  decay half of th e  con­
tam in a tio n  is lost due to  th e  recoil of th e  nucleus in to  th e  LAr. T he resu lting  P D F s are 
displayed in figure 3e and  figure 11a. T he sp ec tra  exh ib it a peak  like s tru c tu re  w ith  a p ro ­
nounced low-energy ta il. T he m axim um  is shifted  w ith  respect to  th e  full em ission energy 
due to  th e  thickness of th e  p+  con tac t. T he low-energy ta il is charac te ris tic  for a  decays; 
th e  a  partic le  is susceptib le to  th e  change in th e  con tac t thickness w hen p en e tra tin g  th e  
d e tec to r surface u nder an  incident angle and  loses p a rt of its energy before reaching th e  
active d e tec to r volume.
O p e n  A c c e s s . T his artic le  is d is trib u ted  under th e  te rm s of th e  C reative Com m ons 
A ttr ib u tio n  License (C C -B Y  4.0) , w hich perm its  any use, d is trib u tio n  and  rep roduction  in 
any m edium , provided th e  original au th o r(s) and  source are credited .
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